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Abstract
The ecotoxicity of biosolids has been studied extensively using single-compound toxicity testing and
‘spiking’ studies; however, little knowledge exists on the ecotoxicity of biosolids as they are land-applied in
the Canadian context. The purpose of this study is to elucidate the chronic, sublethal (i.e., behavioural),
and lethal impacts of land- applying biosolids on the environmentally-relevant Folsomia candida
(springtails) and Lumbricus terrestris (earthworms) and concomitantly ascertain whether the use of
biosolids for nutrient amendment is a sustainable practice. This study is part of a larger multi-
compartment program which includes terrestrial plants and aquatic arthropods. After an extensive review
of government protocols and existing research in the literature, the current study attempted to elucidate
the true nature of the potential ecotoxicity of land-applying biosolids, within a laboratory context.
 Protocols were developed or modi�ed (e.g., using Evans’ boxes (Evans 1947) for chronic and sublethal
testing on L. terrestris). Subsequently, two biosolids were tested on springtails and earthworms using
avoidance and reproductive bioassay endpoints, at application rates that are standard (8 tonnes ha-1)
and worst-case scenarios (22 tonnes ha-1). Results indicated no effect of biosolids at the
environmentally-relevant concentration; the worst-case scenario exhibited a positive signi�cantly
signi�cant relationship (indicating preference for treatment conditions). We suggest that further
assessment of the potential ecotoxicological impact of biosolids employ i) environmentally-relevant
organisms, ii) appropriate bioassays including the use of whole-organism endpoints, and iii) multi-
kingdom testing (e.g., Kingdom Plantae, Animalia) to comprehensively elucidate answers. Lastly, in situ
(�eld assays) are strongly encouraged in future studies.

1.0 Introduction

1.1 What are Biosolids?
Biosolids are a major by-product of primary and secondary treatment of residential and industrial e�uent
in wastewater treatment plants (WWTPs) (Toronto Water 2004; NEBRA 2008; Sewage Treatment 2010);
once produced, biosolids are either sent to disposal (including incineration and land�lling), or are land-
applied. An otherwise waste product of a burgeoning global urban population, the potential use of land-
applying biosolids to amend agricultural soils, among other uses in land restoration (including mine
tailings) (CCME 2013), presents an opportunity for using renewable resources within the transition to
sustainable development. Biosolids have been, and are increasingly, land-applied to supplement soils
with macronutrients (i.e., N, P, K) and organic matter. Moreover, biosolids provide an inexpensive source of
essential fertilizer to farmers, support plant growth, improve crop yield, improve soil structure, and reduce
soil erosion (Butt and Nuutinen 1998).

Land-applying human wastes as a means of e�cient disposal, as well as the recycling of nutrients, has
been used by the United States and Canada for over 50 years (Synagro 2002; O’Connor et al. 2005;
Pepper et al. 2006; City of Toronto 2009). However, as a human waste product, biosolids can also contain
unwanted contaminants or pathogens from industrial and residential wastes (Reilly 2001; Kinney et al.
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2006; Kinney et al. 2008; Wu et al. 2008; Clark et al. 2010; CCME 2013; Lapen et al. 2018). Indeed, the
perceived toxicity from contaminants and heavy metals to ecosystems has raised the concerns of many
in the public arena (LeBlanc 2007; Vyhnak 2008; City of Toronto 2009) and over the years, these concerns
have outweighed the many known bene�ts to soil and crop fertility. Public opinion, rather than technical
problems, have often driven opposition in land-application programs by most government agencies
(USEPA 2000; Imrie 2013; Lucas 2020); thus, the use of biosolids have not seen their full potential. Indeed,
if deemed “sustainable”, the land-application of biosolids would typify true recycling: where nutrients
from the soil, which are incorporated into the biomass of crops and then consumed, could be, without
recourse for potential detriment to the natural environment, returned to farmed land. To address the
public’s uncertainty regarding biosolids, there is a need to determine whether biosolids exhibit detrimental
impact on the ecosystem.

1.2 History of Biosolids Research
To date, most research on the potential toxicity of the land-application of biosolids has focused on the
identi�cation, through chemical analysis, of discrete chemicals or classes of chemicals. There exists a
huge database identifying the compounds potentially available in biosolids; there are 86,000 + chemicals
on the United States Toxic Substance Control Act Inventory (USEPA 2021). Additionally, several
pathogens of concern including bacteria, viruses, protozoa, and helminths have been identi�ed in
WWTPs; thus, impact assessment, rather than compound or pathogen identi�cation, is the only
scienti�cally-sound strategy to determine the sustainability of land-application (see Rogers and Smith
2007 for review). To initially address this conundrum, a comprehensive risk assessment study of
emerging substances of concern (i.e. ESOCs) and pathogenic substances in biosolids was initiated
(McCarthy and Loyo 2015). Additionally, a comprehensive literature review has elucidated that since the
early 2000s, biosolids toxicity tests have continued to investigate individual chemicals through ‘spiking’
tests. Toxicity testing by spiking biosolids grew from prior concerns regarding toxic sediments (Burton Jr
1991). From earlier studies, spiking experiments in biosolids saw select concentrations of chemicals in a
substrate raised to, or more often exceeding, environmentally-relevant levels for the purpose of testing
potential toxicity. Testing with spiked contaminants has led to several scienti�c debates over the decades,
with Samoiloff (1989) arguing that testing single chemicals in toxicity experiments is irrelevant, as
compounds are not present in isolated concentrations in the natural environment. Not only are parent
compounds of concern, but also the biodegradative products from microbial or photolytic breakdown.
Additionally, Cairns Jr. and Mount (1990) argued that the use of chemical analysis of single compounds
was irrelevant for toxicity testing, as organisms – through no dearth of endpoints – will exhibit responses
differently to single compounds compared to the chemical mixtures that are traditionally found in their
environments. More recently, Crouau et al. (2002) summarized the shortcomings of discrete chemical
toxicity tests in stating that they are i) too expensive to conduct for all potential pollutants, ii) provide no
information about bioavailability, and iii), do not account for the signi�cant number of possible
antagonistic or synergistic reactions. Additionally, Johnson and Sumpter (2016) quote Schoettger of the
USEPA: “the US scienti�c community does not have the time, research facilities, trained personnel,
experimental animals, nor �nancial resources to provide the additional data needed for comfortable
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predictions of the possible environmental effects of a broad spectrum of chemical contaminants”. A
priori to these concerns, single-chemical studies have the potential to be problematic in biosolids
research. Moreover, the testing of individual compounds serves as a form of con�rmation bias as
researchers are deciding which chemical to test for potential toxicity. In spiking biosolids, the research
question changes from one of investigating the fate and impact of land-applying biosolids to the more
costly testing of discrete substances on organisms, using land application solely as an exposure
pathway.

Notwithstanding this concern, current studies continue to spike biosolids with higher concentrations of
substances to test toxicity to terrestrial organisms. For example, Snyder et al. (2011) examined the effect
of triclocarban (TCC) (an antibacterial and antifungal agent in disinfectants and soaps) on Eisenia fetida
(syn E. foetida) using spiked biosolids. More recently, Jesmer et al. (2017) spiked biosolids with silver
nanoparticles (AgNPs) (an antimicrobial) to test toxicity on Eisenia andrei and Folsomia candida; in
addition, Velicogna (2019) tested toxicity on Eisenia andrei and Folsomia candida in spiking biosolids
with copper sulfate (CuS) (a fungicide and algaecide) and copper oxide nanoparticles (nCuO) (an
antimicrobial agent). While single-compound toxicity testing itself is environmentally-irrelevant, the
conclusions in media are often founded on these studies, without scienti�cally experimenting for toxicity
when land-applying biosolids at environmentally-relevant concentrations.

1.3 Behavioural Endpoints
Lethality bioassays measure mortality or survivorship; contrastingly, Taylor and Scroggins (2013) de�ne
sublethal effects as those which include the wide range of “immobility, avoidance, growth, reproduction
or fertilization” responses. While behaviour has been critiqued as an endpoint for its inability to be
standardized and for �eld veri�cation (Little 1990; Peakall 1996; Grue et al. 2002), the responses are
considered valuable as they serve as an “integration of an organism’s molecular, physiological, nervous,
sensorial and muscular systems” to changes in the test environment (Raby 2013). Moreover, behavioural
testing is more sensitive than lethality testing, offering insight into toxicological impacts when testing
substances at environmentally-representative levels of exposure (Little and Finger 1990; Grue et al. 2002;
Hellou 2011; Raby 2013). Current government protocols were developed without the inclusion of
behavioural endpoints, as such measurements would require the researcher to have a su�cient
knowledge of the organism’s behaviour under normal and stressed conditions. Additionally, the protocols
are concerned with a perceived subjectivity in interpreting effect. The current study however examined
behaviour as a sublethal toxicity endpoint and as distinct from the chronic impacts on growth and
reproduction. In order to comprehensively study the ecotoxicological impact of biosolids, sublethal,
chronic, and lethal endpoints were deemed necessary.

1.4 Study Overview
A review of the existing literature suggests that few studies have yet to clarify the impact of municipal
biosolids as they are applied, using environmentally-relevant concentrations, to terrestrial biota (see
Kinney et al. 2012; Xue et al. 2015; Coors et al. 2016 for example(s)). Thus, the current study is part of a
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larger research program that attempted to determine ecotoxicological impact, and thus clarify the
perceived risks, of land-applying biosolids to agricultural �elds. This broader study incorporated a battery
of toxicity tests and endpoints and followed the potential impact of biosolids from their initial application
within the terrestrial compartment, through surface and subsurface �ow (as tile drainage), to the aquatic
ecosystem. This current sub-study is reporting on the experiments conducted and the observations made
regarding the potential impact on environmentally-relevant organisms, including two terrestrial phyla,
Folsomia candida (springtails) and Lumbricus terrestris (earthworms). Subsequent testing within the
biosolids test battery included four (4) terrestrial plants (Puddephatt et al. 2022). An additional objective
of this study was to examine existing toxicity testing protocols.

2.0 Background

2.1 Biosolid Treatment and Toxicity
There are varying engineered strategies which aim to remove organic contaminants, heavy metals, and
pathogens from sludge; a more comprehensive review of biosolids production and treatments can be
found in McCarthy and Loyo (2015). Two differing sources of biosolids were utilized in the current study,
but in brief, incoming wastewater was treated by physical, mechanical, chemical, and biological means in
two stages (City of Guelph, 2009). Primary treatment, a physical process, removes heavier solids (e.g.,
tree branches, rocks, and faeces); while secondary treatment, a biological process, oxidizes organic
pollutants in e�uent (Sewage Treatment 2010). Moreover, the addition of chemicals such as aluminium
sulphate (Al (SO ) ) or calcium hydroxide (Ca(OH)2) precipitate or coagulate macronutrients from the
secondary wastewater (University of Waterloo nd). The solids (or sludge) in both primary and secondary
treatment processes are allowed to settle and subsequently sent to a digester where they are
anaerobically broken down to more stable forms with a concomitant production of carbon dioxide (CO2),
ammonia (NH3), and methane (CH4). The newly-formed biosolids, with a reduced pathogen and volatile
organic compounds (VOCs) load are then either land-applied, incinerated, or disposed of in land�lls (City
of Guelph 2009; Sewage Treatment 2010). Biosolids production is geographically variable, as different
treatment methods are utilized across jurisdictions.

The traditional biosolids manufacturing process involves anaerobic digestion and dewatering. Within
anaerobic digestion, anoxic microorganisms break down the organic material present in the original
sludge and create a product much less offensive in terms of odour and organic contaminants (Residua
2003; DeBruyn and Hiborn 2007). In both aerobic (oxygen-driven) and anaerobic (oxygen-poor) digestion,
the volume of the sludge is reduced (University of Waterloo nd). Furthermore, digestion removes
approximately 95% of pathogens from the source sludge (Toronto Water 2019). As a subsequent stage,
dewatering reduces water content and pathogens in the resulting biosolids; as a mechanical process, the
addition of chemicals releases water bound to organic matter, which is then removed by centrifugation,
pressing, or belts (Sewage Treatment 2010). A biosolid from Kitchener, ON and Guelph, ON were used
within the current study; Guelph biosolids underwent an additional process using potassium hydroxide
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(KOH) and high temperatures (65-70oC) to further clean the end-product and create a purportedly
pathogen-free substance (City of Guelph 2009).

2.2 Terrestrial Organism Bioassays

2.2.1 Folsomia candida Overview
The choice of organisms in all parts of this research re�ects a long history of ecotoxicology research; for
example, Folsomia candida (springtails) were �rst used in 1956 to assess the impact of the insecticide
DDT (dichlorodiphenyltrichloroethane) (Wiles and Krogh 1998). To date, F. candida is used extensively as
a test organism for soil toxicity testing, including testing in the land-application of biosolids (Crouau et al.
2002; Wilke et al. 2008; Jesmer et al. 2017; Oleszczuk et al. 2019). Springtails (collembolans) are micro-
arthropods, constituting some of the most abundant organisms on earth (Hopkin 1997; Wiles and Krogh
1998; Fountain and Hopkin 2005; Scott-Fordsmand and Krogh 2005; Krogh 2008). There are 6000
species worldwide of the Folsomia genus (Hopkin 1997; Houseman 2007), many of which are ubiquitous
to the various soil types found in Canada (Hopkin 1997; Environment Canada (EC) 2007b). Thus, the
environmental relevance of their inclusion in this study is clear. Folsomia candida is the most commonly-
used Collembola for toxicology research (Hopkin 1997) and detailed rigorously in Canadian government
protocols (EC 2014). Folsomia candida are found extensively in the soil ecosystem; they dwell in upper
soil strata, along earthworm burrows, and live in and around agricultural systems, leaf litter, along the
edges of streams, and locations containing a high organic content (Fountain and Hopkin 2005; Aldaya et
al. 2006; EC 2007b). Many of these environments are where biosolids are applied. Folsomia candida are
primary detritivores and are one of the main biological modes responsible for the creation of soil
(Campiche et al. 2007; EC 2007b). They are also prey for many endogeic (in the soil) and epigeic (on top
of the soil) invertebrates (Krogh 2008) ensuring their position as keystone terrestrial food web members.

2.2.2 Folsomia candida Toxicity Endpoints
Anatomically, springtails have six appendages for movement and a forked structure (furcula) along the
underside of their abdomen that supports jumping movements; hence, the moniker of “springtails”
(Hopkin 1997; EC 2007e). The rapid jumping movements of F. candida are a motile response to threats
(Wiles and Krogh 1998; Fountain and Hopkin 2005; Houseman 2007). Moreover, F. candida respire
through their thin exoskeleton, which is also permeable to water and hydrophilic chemicals in the soil
(Krogh 2008). These anatomical characteristics, alongside their ability, through their dermal tissue, to
‘taste’ chemicals, allow for the exhibition of avoidance behaviour under stressful conditions (Fountain
and Hopkin 2005). Thus, the behavioural endpoints measured with springtails are indicative of stress and
other impacts from biosolids.

Springtails reproduce by parthenogenesis, a strategy where females produce clones that mature between
21–24 days (EC 2007a). Folsomia eggs are laid in communal heaps, where the small white spheres
(about 80–110 µm in diameter) take seven to ten days to hatch at 20°C. The enumeration of visible egg
heaps supports easy measurement of reproductive impairment. Overall, F. candida is a “recommended
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biological test method for [toxicity testing with] soil-dwelling terrestrial invertebrates” (EC 2004). While
representative of the terrestrial invertebrate group, springtails are also extensively dispersed in the soil
ecosystem (Aldaya et al. 2006). Overall, springtails are a relevant organism based on their location
relative to where biosolids are applied, and their ideal attributes for ecotoxicological study (Scott-
Fordsmand and Krogh 2005), including i) sublethal (i.e., behavioural), ii) chronic (e.g., reproduction), and
iii) lethal (i.e., survivorship) endpoints.

2.2.3 Lumbricus terrestris Overview
The macroinvertebrates Lumbricus terrestris are annelids, commonly referred to as earthworms or night-
crawlers. Lumbricus terrestris were introduced to Canadian soils nearly 400 years ago and are now
proli�c in the terrestrial landscape, excluding the Yukon and Northwest Territories (EC 2007a; Lowe 2008).
L. terrestris improve soil fertility and comprise 60–80% of soil animal biomass in some locations;
moreover, L. terrestris are found predominantly in moist soils and �elds commonly occupied by wheat-
corn-soybean rotations (EC 2007a; Kinney et al. 2008). Like springtails, L. terrestris are quintessential to
the terrestrial food web as a signi�cant dietary component for birds, reptiles, �sh, and mammals, in
addition to cycling nutrients and energy (Yeardley et al. 1996; Banks et al. 2006; Kinney et al. 2008;
California Environmental Protection Agency (CalEPA) 2009).

These anecic (deep-soil-dwelling) earthworms cycle nutrients extensively through the vertical soil column,
using a cylindrical body with the posterior being dorsoventrally-compressed and acting as an anchor in
their burrows (EC 2007a; Fründ et al. 2010; Colorado State University 2011; Ayers 2021). They burrow by
ingesting detritus, thereby breaking down organic material into smaller pieces for soil microorganisms to
degrade further. Contaminants, including heavy metals and hydrophobic and hydrophilic (soil pore water)
organic compounds, are sorbed through passive diffusion across the external integument or by
desorption in the gut (Banks et al. 2006). This dual exposures (dermal and dietary) to contaminants must
therefore be assessed when comprehensively studying the potential ecotoxicological impact of biosolids.
Anatomically, L. terrestris have tubercles (small protrusions) along their body which detect unfavourable
environmental conditions, which, with the aid of their setae and a peristaltic wave of the musculature of
their body, enable them to move away from dangerous environments (Collier 1937; Stephenson et al.
1998). This behavioural response to stress is useful in the avoidance bioassays utilized in this study.
Regardless of their environmental relevance and holistic endpoints, Lumbricus terrestris are seldom
employed in biosolids toxicity testing. Instead, the Eisenia genus is more commonly used in
ecotoxicological assessment (see Artuso et al. (2011) for example).

2.2.4 Lumbricus terrestris Toxicity Endpoints
While government protocols stipulate the use of both Eisenia sp. (redworm) and Lumbricus (EC 2007a),
the former are perceived to be more amenable to laboratory-rearing conditions and thus are more
commonly utilized in biosolids toxicity testing (Velicogna et al. 2012; Groth et al. 2016; Jesmer et al.
2017; Velicogna 2019). However, the Eisenia genus is found across Canada only within organic-rich
matter such as composts, manure piles, and gardens. They are rarely found in agricultural �elds where
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biosolids are land-applied as these non-burrowing organisms are i) epigean (rarely found in soil, but
rather live on or close to the surface), ii) are not true soil dwellers (Crouau et al. 1999; EC 2007a; CalEPA
2009) and iii), only minimally ingest soil. Thus, due to a lack of their environmental relevance, these
organisms were not utilized in this current ecotoxicological study.

Conversely, the environmental relevance of using Lumbricus terrestris is not in question and additionally,
they have some characteristics that provide further insight when these organisms are exposed to
stressful conditions. These earthworms are deep-soil burrowers with highly motile lifestyles and while the
addition of behaviour and movement pattern toxicity studies is unusual as most research focuses on
lethality (Raby 2013), these endpoint measurements were used in this study Additionally, during
hermaphroditic reproduction, these earthworms mate horizontally on the soil surface during evening
hours, where cocoons develop after copulating and disengage from the adult body of L. terrestris. An
average of �ve viable cocoons and three progeny per cocoon are observed (Butt and Nuutinen 1998), with
maturation of the cocoons taking up to one year. The presence (or lack thereof) of cocoons is a desirable
indicator of reproductive impairment. In addition to reproduction, the vertical movement of earthworms
(as a behavioural indicator) aids in showing the degree of avoidance from the surface amendment of
biosolids; thus, their inclusion in biosolids ecotoxicological studies is important.

Lastly, the modi�cation and subsequent use of Evans’ boxes (Evans 1947) supported the coupled
examination of burrowing behaviour and reproductive impairment in an environmentally-representative
assay. Evans (1947) boxes pre-date existing protocols and were historically used to assess the burrowing
behaviour of anecic earthworms. Current long-term protocols for Lumbricus terrestris recommend 500ml
Mason jars for 14-day bioassays (EC 2007a) or the use of two-litre vessels for 28-day experiments (OECD
2004). However, the lack of substrate and inability to exhibit burrowing behaviour within the small vessels
made the method environmentally irrelevant. In other L. terrestris studies, Evans’ boxes are seen only
selectively (Blackmon 2009); however, their ability to simulate burrowing behaviour and reproduction
across soil horizons makes them viable for detecting the suite of sublethal, chronic, and lethal effects
potentially caused by biosolids land-application. Overall, the toxicity impacts utilizing L. terrestris are
holistically quanti�able through i) sub-lethal (e.g., behavioural), ii) chronic (e.g., reproduction and growth),
and iii) lethal (i.e., survivorship) endpoints.

3.0 Methods

3.1 Overview
The series of bioassays in this study examined the potential sub-lethal, chronic, and lethal effects of land-
applying biosolids on two different phyla: Folsomia candida (springtails) and Lumbricus terrestris
(earthworms). The suite of bioassays conducted are outlined in Fig. 1.

Taxonomically-veri�ed Folsomia candida (Willem 1902) and Lumbricus terrestris (Linnaeus 1758) were
obtained from Environment Canada and Wards Scienti�c, respectively. All current and historical
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Environment Canada, ISO, and OECD protocols were investigated for Folsomia candida and Lumbricus
terrestris and are supplemented by a review of the foundational literature on toxicity testing using these
phyla (Hopkin 1997; Wiles and Krogh 1998; Fountain and Hopkin 2005; Aldaya et al. 2006; Crouau and
Moia 2006; Campiche et al. 2007). Prior to conducting bioassays, there were modi�cations made to
protocols and a list of all protocols, and when required, modi�cations, are presented below (Table 1).

Table 1. Protocols examined within the Folsomia candida and Lumbricus terrestris toxicity tests;
modi�cation and rationale(s) are provided, as necessary.
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Existing Protocol Modi�cation(s) Rationale(s)

Folsomia candida

Culturing
Organisms (incl.
Age
Synchronization,
enumeration):

(EC 2007c; EC
2007d; EC 2014)

- Typically, eggs moved to a
new vessel

- Parent removed after laying
clutch

- Alternative method of removing parent
(OECD 2005) favoured, as to limit disruption
to eggs

Sublethal Testing
(Behavioural):

● There is no existing protocol for testing avoidance, method was devised (see
Section 3.3.1)

Chronic Testing
(Reproduction):

(EC 2007b; 2008)

● Removal of 12hr. light-dark
cycle Reproduction conducted
in darkness.

● Reproduction bioassays (28
days): extended to a total of 39
days.

● Light-sensitive

● Potential impact by presence of light
(Hopkin 1997; Fountain and Hopkin 2005).

● Additional 11 days did not allow for
additional offspring, only growth of clutch to
improve accuracy for enumeration.

Lethal Testing:

(EC 2014)

N/a N/a

Lumbricus terrestris

Culturing
Organisms:

(EC 2007a)

● Typically fed oats (i.e.
Quaker Oats™)

● Instead, fed wetted dried
leaves from non-urban areas;
supplemented by corn meal.

● Preliminary tests: oats began to mould
quickly. Preferred by Eisenia sp., not
Lumbricus (Fründ et al. 2010; Ayers 2021).

● Dried leaves (e.g., Acer saccharum) from
non-urban area, Southern Ontario

● Corn meal: preferred food supplement by
worm breeders (pers. comm. Wards
Scienti�c, n.d.).

Sublethal Testing
(Behavioural):

(EC 2004; EC
2007a)

● Avoidance behaviour
commonly tested using
Kaushik chambers.

● Instead, rectangular bins
containing reference and
treatment soil

● Earthworms placed along
the surface of divided soil;
preference recorded after 72
hours.

● Kaushik chambers did not accommodate
vertical dwelling patterns nor diameter of L.
terrestris for movement, relative to the
perforations in partitions.

* The non-urban source was not pesticide-treated and was used to ensure a lack of impact from air-
borne pollutants in the feeding protocol; however, the potential for long-range transport of
contaminants was not disregarded.
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Existing Protocol Modi�cation(s) Rationale(s)

Sublethal and
Chronic Testing
(Evans’ Boxes
long-term
exposure):

(EC 2007a; OECD
1984, OECD
2004)

● Exposure traditionally
measured in 500mL glass
vessels

● Evans’ boxes (Evans 1947)
used instead.

● 28-day lethality/ 48-day
chronic bioassays (OECD
2004) extended to 30 and 90-
day bioassays, respectively

● Evans (1947) boxes: more accurate
representation of environmental conditions;
improved examination of burrowing
behaviour

● Preliminary testing using 500mL vessels:
unsuitable for long-term monitoring.

● Longer test period accommodates more
lifecycle endpoints

* The non-urban source was not pesticide-treated and was used to ensure a lack of impact from air-
borne pollutants in the feeding protocol; however, the potential for long-range transport of
contaminants was not disregarded.

 

The following sections outline the materials and methods used to prepare and conduct the bioassays for
both organisms.

3.2 Biosolids Preparation
Biosolids-amended soil (herein “treatment” soil) represented land-application concentrations at
environmentally-relevant levels (8 tonnes ha− 1 as dry-weight (DW)) and a worse-case application
scenario (22 tonnes ha− 1 DW) within a 5-year nutrient management program. Organisms were �rst
exposed to the worst-case application scenario; if observation of signi�cant effect (whether positive or
negative) was noted or there appeared to be a need for greater replication, organisms were sequentially
exposed to the environmentally-relevant concentration (8 tonnes ha− 1) from Guelph biosolids.
Consequently, springtails were exposed to both concentrations and earthworm bioassays were conducted
solely using the worst-case (22 tonnes ha− 1) scenario.

The “reference” soil used was a Perth clay loam, a grey-brown podzolic retrieved from an Ontario Ministry
of Agriculture, Food and Rural Affairs (OMAFRA) agricultural research site in Stratford, ON. The soil was
designated to be pesticide- and organic-contaminant-free (Michael Payne, pers. comm. OMAFRA (retired),
2013). Reference soils were moistened, relative to the humidity from the biosolids additions, with
dechlorinated municipal drinking water (DMDW).

3.3 Folsomia candida Bioassays

3.3.1 Folsomia candida Sub-Lethal Bioassays
The Folsomia candida sub-lethal (avoidance) experiments were conducted in i) 100-minute, ii) 3-day, iii)
7-day, and iv) 14-day bioassays. The 100-minute avoidance bioassays were conducted in Petri dishes. In
each of the ten microcosms, reference and treatment soil-coated �lter paper lined opposite sides of the
Petri dish, with a 2mm gap between �lter papers. Each 100-minute bioassay used �ve springtails placed
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in the middle of the dish between the two substrates; the location of each collembolan (in reference or
treatment) was noted in 20-minute increments, until the end of each bioassay.

The i) 3-day, ii) 7-day, and iii) 14-day sub-lethal tests were conducted sequentially in ten Mason jars
(125mL). These bioassay vessels were prepared using a 1cm base of Plaster of Paris (mixture of lime
and sand) and activated charcoal (EC 2007e). Each jar received 15g of both reference and treatment soil,
separated by dividers. Upon subsequent removal of the dividers, ten age-synchronized springtails were
set along the middle of the two substrates. The bioassays were placed in dark conditions at 20o ± 2oC,
undisturbed, for the duration of the bioassay. Upon completion of the speci�ed time intervals (e.g., 3-day),
dividers were re-inserted, and the location of the springtails noted. After counting, dividers were removed,
and the bioassays were returned to dark conditions until the next time period (e.g., 7-day). Folsomia
candida were not fed during these sub-lethal bioassays.

3.3.1 Folsomia candida Chronic Bioassay
The chronic (i.e., reproductive testing) bioassay measured the number of individuals after 39 days. In the
chronic bioassay, 10 Mason jars (5 reference, 5 treatment) were prepared with 1cm of the Plaster of Paris
and activated charcoal substrate with the subsequent addition of 30g of reference or treatment soil. Ten
age-synchronized, 10–12-days-old springtails were added to either reference or treatment bioassays.
Organisms were fed 2mg of dry yeast (e.g., Fleishmann’s™) hydrated with 1 drop of dechlorinated water,
biweekly per recommendation of Crouau and Cazes (2003) for the 39 days. Reproduction bioassays were
conducted in continuous darkness, as opposed to the recommended 12:12 light-dark cycle (Hopkin 1997;
EC 2014) (see Table 1). Temperatures were consistent at 20o ± 2oC. Organisms were enumerated at the
end of the 39 days as per government protocols (EC 2014).

3.4 Lumbricus terrestris Bioassays

3.4.1 Lumbricus terrestris Sub-lethal Bioassay
The sub-lethal (e.g., behavioural) toxicity test of biosolids on Lumbricus terrestris was measured over 72
hours. The avoidance tests for the earthworms were conducted in ten rectangular, 34.2cm (long) x
11.8cm (wide) x 20.9cm (deep), plastic bins (herein “Karen’s boxes”) instead of Kaushik Chambers. A
plastic divider (34cm long) separated reference and treatment soils in the bins tangentially; once
removed, earthworms of similar weight were set along the center of both substrates. If the worm had not
burrowed within 30 minutes, it was replaced. The initial time and substrate L. terrestris entered was
recorded; bins were then covered with sterile gauze (to still facilitate air exchange) and left undisturbed
for the duration of the bioassay. Bioassays were conducted in darkness to simulate below-ground
conditions. Upon completion, dividers were then re-inserted and the location of L. terrestris in either
substrate was noted. Lethality was recorded, if observed. Vessels were rotated 180o between trials as part
of a randomization procedure.

3.4.2 Lumbricus terrestris Evans’ Box Bioassays
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The long-term bioassay in modi�ed Evans’ boxes measured i) chronic (e.g., reproduction via cocoon
production), ii) lethal (i.e., survivorship), and sub-lethal (e.g., burrowing behaviour) endpoints. This assay
included endpoints of the number and weight of organisms, in addition to the number/presence of
cocoons. At the end of the earthworm long-term bioassays, mean survival, as well as pathological
symptoms (e.g., erythema, ulceration, lesions, and discolouration), and behavioural responses (e.g., tactile
response, locomotion, lethargy, casting, midden productions, and the presence of non-burrowing
earthworms) were observed and measured (if present).

Within this current study, ten Evans’ boxes (5 reference, 5 treatment) were modi�ed to accommodate
greater horizontal and vertical movement and included a top bin (herein “reproductive chamber”) to
simulate, and subsequently promote, reproduction conditions in this long-term bioassay. The Evans’ box
was 20cm (long) x 8cm (wide) x 100cm (deep) and the reproductive chamber on top was 34.2cm x
11.8cm x 20.9cm. Boxes were secured using a 30cm x 30cm base plate (Fig. 2). The Evans’ boxes were
constructed with one side as an operable door, to allow for opening during test intervals at i) 7 days, ii) 28
days, and iii) 90 days. This is the �rst known study to use Evans’ boxes (Evans 1947) for examining the
long-term impacts of land-applied biosolids.

The substrate within all Evans’ boxes was assembled in an effort to rudimentarily simulate soil horizons;
the bottom 10cm used sand (as to avoid compaction) and the rest was �lled with reference soil.
Subsequent bioassay setups differed in either reference or treatment soil within the top 15cm of the
combined chamber. Once �lled, �ve adult L. terrestris (3-10g each) were set on top of the reproductive
chambers; each chamber had approximately similar combined earthworm biomass. The time taken to
burrow into the underlying Evans’ boxes was recorded and non-burrowing worms, after 30 minutes, were
replaced. Sterile gauze was secured over the reproductive chambers to prevent escape and lab
temperatures were kept at 19 ± 1oC. The sides of the reproductive chambers were not covered in order to
replicate above-ground conditions; however, the Evans’ boxes were wrapped in dark fabric to simulate
underground conditions. Lumbricus terrestris were fed bi-weekly at the top of the reproductive chamber
with dried leaves and cornmeal; during feeding, soil moisture and overall conditions of the chambers were
measured. Using a �ashlight, the location (e.g., as a behavioural response) and abundance (i.e., lethality)
of the earthworms were determined at the test intervals. Removal of the reproductive chamber and
subsequent opening of the Evans’ box after 90 days (end of the chronic bioassays) allowed for a
thorough examination of test endpoints across the soil column (number of living organisms, health,
location, weight, burrowing patterns, and the presence/number of cocoons).

3.5 Statistical Analyses
Avoidance bioassays of the two genera were assessed using the Chi-squared test, a non-parametric
analysis (Key 1997). Avoidance tests and long-term bioassays were analyzed using the Kruskal-Wallis
analog of a one-way analysis of variance (ANOVA). A paired t-test analyzed the directionality of L.
terrestris bioassays in the rectangular vessels. This parametric test compares the means of the same
subject either over time (as in before/after situations) or in differing circumstances/treatments (e.g.,
changes in the orientation of reference soil was located (left or right) in repeated trials) (Zar 1994;
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McDonald 2009). Positive test results are herein represented as “POS”, negative results as “NEG”, and
endpoints with no signi�cant difference reported as “NSD”.

4.0 Results And Discussion
The initial hypothesis of this study was, on the basis of other �ndings in the literature, that biosolids
would show a potentially deleterious effect on the two terrestrial bioassay organisms when applied at the
worst-case application scenario and the environmentally-relevant application scenario. Additionally, the
purpose of this study was to determine what those the potential effects would be on the two chosen
terrestrial invertebrates, Folsomia candida (springtails) and Lumbricus terrestris (earthworms). Overall,
the conclusions of this study indicate that biosolids had little noticeable negative impact when applied at
environmentally-relevant concentrations. When effects were observed, they were in the worst-case
scenario application (22 tonnes ha− 1), and were a positive statistically-signi�cant difference, indicating a
preference for treatment conditions.

4.1 Folsomia candida Bioassays

4.1.1 Folsomia candida Sub-Lethal Bioassays Results
The series of Folsomia candida microcosms in this study assessed ecotoxicological impact through sub-
lethal (avoidance), chronic (reproduction), and lethal (e.g., survivorship) endpoints. Overall, the observed
impact of biosolids as the bioassay progressed (from 100 minutes to 14days) was nonsigni�cant. (Table
2). In all other trials, across both application regime and timeframes, no statistically-signi�cant effect
was observed.

Table 2. Sub-lethal (Avoidance) Bioassay Results for Folsomia candida in Guelph and Kitchener
Biosolids.
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Sub-Lethal
Trials

Exposure
(time)

Presence in Substrates (% of
total ± SD)

Impact of
Biosolids

Kruskal-Wallis

(ANOVA) Results

    Reference Treatments   H-
Statistic

Signi�cance

8 tonnes/ha – Guelph Biosolids

Trial 1 14 days 38 ± 22 62 ± 22 NSD H = 1.9 p = 0.17

22 tonnes/ha – Kitchener Biosolids

Trial 1 100
minutes

28 ± 11 72 ± 11 POS H = 7.3 p < 0.05

Trial 2 100
minutes

36 ± 17 64 ± 17 POS H = 4.2 p < 0.05

Trial 1 3 days 59 ± 33 41 ± 33 NSD H = 0.5 p = 0.46

Trial 1 7 days 52 ± 17 48 ± 17 NSD H = 0.1 p = 0.75

Trial 2 7 days 49 ± 24 51 ± 24 NSD H = 0.5 p = 0.46

Trial 1 14 days 59 ± 17 41 ± 17 NSD H = 1.8 p = 0.17

 
Despite the suggestion of employing sub-lethal testing endpoints (e.g., avoidance behaviour) on
springtails using biosolids (see Li et al. 2020 for example), studies in the literature instead tend to focus
on lethality and chronic toxicity tests. Testing for sub-lethal effects (behaviour and avoidance) of a
speci�c substrate is more common in studies using annelids (e.g., E. fetida, E. andrei, and less commonly,
L. terrestris), rather than in microarthropods such as springtails, as F. candida bioassays predominantly
measure lethality (Crouau et al. 2002; Wilke et al. 2008; Jesmer et al. 2017; Oleszczuk et al. 2019). The
select studies which test avoidance behaviors (as sublethal) for springtails have done so in the context of
applications of pesticides, pharmaceuticals and personal care products (PPCPs), nanomaterials, and
industrial compounds (see Gomes et al. 2017 for review), as opposed to biosolids explicitly. The mobility
of springtails is a relevant environmental indicator, in spite of its minimal use in past and current studies,
as it adds breadth to understanding the ecotoxicological impacts of contaminated soils and sediments.
Regardless, toxicity testing using sublethal effects is not common as existing government protocols
favour lethality and chronic testing as endpoints (Natal-da-Luz et al. 2008).

4.1.2 Folsomia candida Chronic Bioassay Results
In reproduction testing, no statistically-signi�cant difference for substrate preference was noted among
the exposure scenarios (Table 3). Likewise, no difference was observed using the autoclaved soil (i.e.,
sterilized to ensure no indigenous organisms).
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Table 3. Chronic Bioassay Results for Folsomia candida in Guelph and Kitchener Biosolids; NSD = No
Signi�cant Difference.

Chronic
Trials

Exposure
(Time)

Presence in Substrates

(% of total ± SD)

Impact of
Biosolids

T-Test Results

    Reference Treatment   t-
Statistic

Signi�cance

8 tonnes/ha – Guelph Biosolids

Trial 1 39 days 836 ± 156 834 ± 541 NSD t = 0.01 p = 0.994

22 tonnes/ha –Kitchener Biosolids

Trial 1 39 days 1588 ± 
503

1426 ± 
530

NSD t = 4.98 p = 0.632

Trial 2 39 days 1894 ± 
294

282 ± 175 NSD t = 10.5 p < 0.05

Chronic
Trials

Exposure
(Time)

Presence in Substrates

(% of total ± SD)

Impact of
Biosolids

Kruskal-Wallis

(ANOVA) Results

          H-
Statistic

Signi�cance

Autoclaved Soil

Trial 1 39 days 1698 ± 
614

N/A NSD H = 0.31 p = 0.739

 
Within the literature, study conclusions from experiments using non-spiked biosolids are variable. Groth et
al. (2016) found that reproduction bioassays in biosolids-amended soils produced a minimum of 100
juveniles/vessel higher than numbers observed in reference soils (2016): the difference between
population abundance within reference and treatment soils across the trials did meet this criterion to
signal an effect, nor were there a statistically signi�cant impact of biosolids observed. Artuso et al.
(2011) found that the number of springtails in reproduction tests was signi�cantly lower at higher
application rates (20 tonnes ha− 1), although no signi�cant effects were observed at environmentally-
relevant application rates (2–10 tonnes ha− 1). Other studies using spiked biosolids consistently see an
effect on reproduction (Staples et al. 2010; Cardoso et al. 2021). They do not, however, re�ect the true
nature of biosolids as they are produced and applied in agri-ecosystems. To reiterate, there are differing
observations in the literature regarding the lack of, or presence of, signi�cant impacts of biosolids land-
application on springtail reproduction.

4.2 Lumbricus Terrestris Bioassays
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4.2.1 Lumbricus terrestris Sub-Lethal Bioassay Results
Lumbricus terrestris avoidance tests were carried out in Karen’s boxes and not in the government protocol
suggestion of Kaushik chambers. The avoidance trial chi-square test revealed no signi�cant difference in
preference for reference or treatment conditions; however, the relative abundance in either side suggests a
preference for reference conditions (Table 4). More trial replicates are required to better understand the
preference of earthworms in the 3-day avoidance bioassay. To clarify these �ndings, further trials at both
the 8- and 22-tonnes ha− 1 application regime are necessary to ascertain whether toxicity is attributed to
biosolids when applied at environmentally-relevant levels. However, these preliminary results show
promise for future tests, using avoidance endpoints in straightforward test vessels, to elucidate whether
there is a signi�cant effect of biosolids on L. terrestris in either the extreme application scenario, or even
the environmentally-relevant concentrations, as would be conferred to soils in the proper land-application
of biosolids.

Table 4. Sub-Lethal Bioassay and Directionality Test Results for Lumbricus terrestris in Kitchener
Biosolids; NSD = No Signi�cant Difference.

Sub-Lethal
Trials

Exposure
(Time)

Presence in Substrates

(% of total ± SD)

Impact of
Biosolids

T-Test Results

    Reference Treatment   t-
Statistic

Signi�cance

22 tonnes/ha –Kitchener Biosolids

Trial 1   9.5 ± 0.5 9.5 ± 0.5 NSD t = 0.0 p = 1.0

Trial 2   11 ± 0.5 9 ± 0.5 NSD t = 0.49 p = 0.62

Trial 3   10 ± 0.5 9 ± 0.5 NSD t = 0.22 p = 0.83

 
Other biosolid sub-lethal tests preferentially use the Eisenia genus (fetida or andrei) instead of L.
terrestris. Melo et al. (2017) found a preference of E. fetida for amended soils at environmentally-relevant
application rates of a biosolids hydrochar, with an increasing preference for reference conditions with
increasing application rates up to 72.5 tonnes ha− 1. Using a series of different engineered biosolids
products, Huguier et al. (2015) found signi�cant negative effects of biosolids on earthworms’ preference
of soil substrates (when applied 10 times above-recommendation for application); however, consistent
impact was only noted when biosolids were applied 50 times above recommendations. Near
environmentally-relevant application rates, Huguier et al. (2015) �nd no signi�cant difference in
preference between reference and treatment conditions. Bouldin et al. (2016) noted an overwhelming and
signi�cant difference in the preference of E. fetida (> 80%) for treatment conditions within two different
biosolid treatments. While Environment Canada avoidance protocols are interchangeably conducted with
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L. terrestris (EC 2007a), the globally referenced ISO 17512-1 framework focuses exclusively on the
Eisenia genus (ISO 2008). Moreover, the difference in i) environmental relevance of Eisenia, ii) burrowing
behaviour (Crouau et al. 1999), and iii) elevated sensitivity of L. terrestris to environmental stressors
(Sanchez-Hernandez 2021), compounded by iv) changing the testing vessel to a rectangular bin limits the
comparability of the toxicity test results among the two organisms.

4.2.1 Lumbricus terrestris Evans’ Box Bioassay Results
Long-term bioassays (90 days) were conducted in Evans’ boxes as the environmental relevance of longer
exposure bioassays was key to assessing comprehensive impact. Toxicity results for Lumbricus terrestris
at the 22 tonnes ha− 1 application regime indicate no signi�cant difference, across all endpoints, for either
soil conditions (Table 5). Pathological indicators of anatomical stress were not observed for earthworms
in either reference or treatment Evans’ boxes (e.g., lethargy, midden production).

Table 5. Evans’ Boxes Chronic and Sublethal Bioassay Results for Lumbricus terrestris in Kitchener
Biosolids after 90-day exposure; NSD = No Signi�cant Difference.



Page 19/33

Endpoints Unit of
Measure

Responses in
Substrates

(Mean ± SD)

Impact of
Biosolids

T-Test Results

    Reference Treatment   t-
Statistic

Signi�cance

22 tonnes/ha –Kitchener Biosolids

Initial weight of
worms

g 101.8 ± 
0.9

106.6 ± 
1.5

NSD t = 1.23 p = 0.254

Weight of worms
/ box

g 20.4 ± 0.9 21.3 ± 1.5 NSD t = 1.23 p = 0.254

Weight per worm
(mean)

g 4.1 ± 0.2 4.3 ± 0.3 NSD t = 1.24 p = 0.250

Weight at
termination (90 d)

g 92.9 ± 5.5 87.2 ± 7.3 NSD t = 0.28 p = 0.786

Weight of worms
/ box (90 d)

g 18.6 ± 5.5 17.5 ± 7.3 NSD t = 0.28 p = 0.786

Weight per worm
(90 d)

g 4.6 ± 0.7 5.1 ± 0.3 NSD t = 1.4 p = 0.187

Endpoints Unit of
Measure

Presence in Substrates

(Mean ± SD)

Impact of
Biosolids

Kruskal-Wallis

(ANOVA) Results

          H-
Statistic

Signi�cance

22 tonnes/ha –Kitchener Biosolids

Number alive (7 d) # 24.0 ± 0.4 24.0 ± 0.4 NSD H = 0.00 p = 1.000

Number alive (28
d)

# 23.0 ± 0.5 24.0 ± 0.4 NSD H = 0.43 p = 0.513

Number alive (90
d)

# 20.0 ± 1.0 17.0 ± 1.3 NSD H = 0.57 p = 0.451

 
Huguier et al. (2015) found a signi�cant reproduction effect on E. fetida at Day 56 for biosolid-
amendments equal to or greater than 5 times the recommended applications. Similarly, to the rectangular
avoidance vessels, there is minimal literature which has tested for chronic and sublethal toxicity of L.
terrestris, limiting our ability to further validate this (reword, please). However, longer-term bioassays (e.g.,
96 months) in Coors et al. (2016) echo the �ndings of the current study regarding the lack of signi�cant
effect among biosolids and reference conditions. Research on the validity of utilizing Evans’ boxes to
conduct biosolids toxicity testing exists (Lulek 2015); however, more work is necessary in the further
development of future government test methods and the modi�cation of current protocols.
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5.0 Conclusion

5.1 Summary of Findings
The potential sub-lethal, chronic, and lethal toxicity of biosolids when they are applied under
environmentally-relevant conditions was measured using two terrestrial phyla, Folsomia candida
(springtails) and Lumbricus terrestris (earthworms or ‘nightcrawlers’). Biosolids showed no noticeable
signi�cant effect when applied, at environmentally-relevant concentrations, on terrestrial organisms;
however, results for L. terrestris avoidance at the worst-case (22-tonnes ha− 1) application regime needs to
be further replicated. While continuous evaluation of the status of toxicity of biosolids is necessary, it is
the position of many governing agencies, such as the Australian-New Zealand Biosolids Partnership
(AZNBP) that “until further information indicates otherwise… the bene�ts outweigh risks of biosolids land-
application”. The AZNBP summarizes the comprehensive bene�ts of biosolids (Batstone et al. 2020):

Overall, consideration of the environmental, economic and social bene�ts of biosolids land application
provides multiple bene�ts through recycling of valuable nutrients to depleted soils, reduced reliance on
petrochemical and mined sources of plant nutrients, and cost-effective management of municipal
wastewater, with no known major detrimental effects to soil, plants, the food chain, human health or soil
and water organisms in the past 20 years of modern biosolids reuse standards and monitoring in
Australia and New Zealand.

The lack of toxicity effects on terrestrial organisms in the current study indicates that the engineered
strategy of land-applying biosolids is a sustainable practice.

5.2 Consideration for Further Research
Building upon this research, we suggest multiple considerations for future biosolids research. These
include i) the environmental relevance of test organisms, ii) current-recommended bioassays and their
endpoints, and iii) using whole-organism indicators instead of solely depending on chemical analysis.

5.2.1 Environmental Relevance in Organism Selection
While several studies report upon the toxic effects of biosolids on Eisenia sp., these observations must be
prefaced with the information that Eisenia sp. are rarely found in an environment where biosolids are
land-applied. While current government protocols support the use of both Eisenia sp. and Lumbricus
terrestris, environmental relevance must be of paramount importance in ecotoxicological testing and
thus, L. terrestris is strongly recommended as they occupy �elds frequented in wheat-corn-soybean
rotations (EC 2007a; Kinney et al. 2008). The lack of existing studies using Lumbricus terrestris limit the
comparability of results in the current study to other biosolids toxicity testing. Moreover, the use of
Eisenia sp. due to their low cost, ease in lab rearing, and their past use in studies should not be su�cient
reasons to validate them as a test organism in biosolids toxicity testing. In 1994, the USEPA strongly
suggested that the selection of a test organism(s) should be “a species that is representative of resident
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organisms, sensitive to site contaminants, relevant to overall assessment endpoints, and consistent with
DQOs [or data quality objectives]” (USEPA 1994). Rigorous science historically (Giesy and Hoke 1989),
and currently (Johnson and Sumpter 2016), would uphold the use of environmentally-relevant organisms
to the application of testing, not solely depend on parameters such as ease-of-use.

5.2.2 Constraints of Current Bioassays
Current bioassays in the literature, and the endpoints measured, do not capture the holistic series of
impacts of biosolids on terrestrial animals. Sub-lethal effects, notably, are disregarded in toxicity arrays in
favour of lethal and chronic testing. Despite the USEPA acknowledging that “sublethal effects” measured
in laboratories “are ecologically signi�cant effects when occurring in the environment”, a lack of sub-
lethal arrays is exchanged for lethality bioassays (USEPA 1994). In this study, avoidance bioassays for
springtails were developed to test the sublethal and chronic effects of biosolids, to supplement existing
government protocols for lethality testing. Bioassays explicitly need to better represent environmental
conditions as their size and construction limit the observation of sub-lethal effects. For example, chronic
bioassays for Lumbricus terrestris currently are conducted in small vessels in the laboratory which do not
allow the kind of burrowing behaviour and complete elongation of the annelid that occurs in the �eld. The
use of Evans’ boxes (Evans 1947), with the attached reproduction chambers, while more resource
intensive, better represents environmental conditions in which the worm operates (Lulek 2015).

Similarly, ‘shoebox’ rectangular bins were used for sub-lethal testing of Lumbricus terrestris instead of
Kaushik chambers. Only a few other studies documented in the literature have used rectangular vessels
for toxicity testing. Wentsel and Guelta (1988) used rectangular containers to test the effects of brass
powder-spiked soils. The rationale against using rectangular vessels has been suggested to avoid edge-
effects, as it has been postulated that earthworms preferably seek corners to avoid toxicants (Yeardley et
al. 1996). However, Kaushik chambers have corners, so their use would make it impossible to avoid edge-
effects. Additionally, these chambers were originally constructed for aquatic sediment toxicity testing (EC
2004; EC 2007a) and their incorporation into terrestrial ecotoxicological studies do not allow earthworms
to exhibit full extent of movement. Moreover, rectangular bins better accommodate soil horizons and
therefore are more representative of environmental conditions.

5.2.3 Whole-Organism Indicators of Toxicity
Results of this study support the validity of whole-organism testing, as opposed to chemical analysis
and/or “omics” experiments, for determining potential toxicity. Current studies routinely evaluate toxicity
through single chemicals or groups of compounds in spiking tests and or chemical analysis. Thus, many
parent compounds and their attendant degradative by-products are ignored while potentially being
problematic. Assessing toxicity of a compound on an organism with only a single endpoint is an
erroneous task which yields environmentally-irrelevant results when compared to holistic, whole-organism
tests.

As it was for the determination of phosphorus as the limiting nutrient to algal growth (Schindler et al.
2016), it is critical that future experiments incorporate �eld (in situ) sites for future testing, as opposed to
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simply extrapolating results from lab bioassays. While results in the current study indicate a lack of
signi�cant effects when biosolids are land-applied to speci�c organisms, there remains a critical need for
the following: testing that incorporates environmentally-relevant organisms in �eld conditions that
measures sublethal, chronic, and lethal toxicity endpoints.
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Figure 1

Bioassays conducted on Folsomia candida and Lumbricus terrestris. Guelph WWTP Biosolids (dark grey)
are differentiated from Kitchener WWTP biosolids (light grey) in the volumes of 8 and 22 tonnes/ha,
respectively. Lethality was measured in all bioassays.  
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Figure 2

Quadriptych of modi�ed Evans’ boxes with an operable door (A), �lled with the soil horizons (B), secured
with fabric to simulate below ground conditions (C), and visualization of the burrowing behaviours (D). 


