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Abstract

Intensive horticultural and fruit production in Chile relies on pesticides, raising concerns
about compliance with residue limits and the continued availability of highly hazardous
pesticides (HHPs). Recent national monitoring data from Chile indicate frequent detections
of HHPs in plant-based foods and repeated exceedances of Maximum Residue Limits
(MRLSs). This study analyzed official datasets from Chile’s Ministry of Agriculture, combin-
ing food residue monitoring data from 2015 to 2023 with pesticide sales and import statistics
as additional indicators of availability. Active ingredients were standardized to ISO names
and CAS numbers and classified for HHP status based on FAO/WHO hazard criteria, with
cross-referencing to the Pesticide Action Network (PAN). The results present surveillance
indicators focusing on detection rates and MRL exceedance proportions. Between 2015
and 2023, residues were identified in 82.8% of the collected samples. The most frequently
detected residues overall included fludioxonil, acetamiprid, pyrimethanil, fenhexamid,
and boscalid, indicating a detection profile primarily characterized by fungicides with sub-
stantial contributions from insecticides. When restricting to HHPs classified residues, the
most frequently detected HHPs included tebuconazole, captan, iprodione, spirodiclofen,
chlorantraniliprole, and carbendazim, indicating a detection profile primarily characterized
by fungicides, with significant contributions from insecticides. Records of exceedances
were concentrated within a limited subset of residues, predominantly acetamiprid and
dithiocarbonates, and were most frequently associated with apples, table grapes, cherries,
blueberries, pears, and certain vegetables, notably leafy vegetables. The active ingredients
classified within HHPs included fludioxonil, fenhexamid, tebuconazole, cyprodinil, and
lambda-cyhalothrin. The findings support agronomic decision-making by emphasizing
GAP/PHI reinforcement, targeted monitoring, and IPM-based substitution options for
activities involving recurrent HHP detection.
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1. Introduction

In modern agriculture, pesticides are necessary for controlling pests and diseases,
both pre- and post-harvest [1]. However, improper use of pesticides, such as overuse
and harvesting before the Pre-Harvest Interval (PHI), can lead to multiple residues and
concentrations, thereby increasing exposure and adversely affecting human health, the
environment, and food safety [2]. According to the World Health Organization (WHO),
the Food and Agriculture Organization of the United Nations (FAO), and related interna-
tional conventions (Rotterdam, Stockholm, and Montreal), some pesticides are classified
as Highly Hazardous Pesticides (HHPs) due to serious human health and environmen-
tal hazards [3]. Highly Hazardous Pesticides pose an international concern, prompting
institutions worldwide to address this issue by advocating environmentally friendly al-
ternatives for producing fresh food and by enhancing national regulatory capacities to
conduct risk assessments for decision-makers [4]. As evidence of the risk assessment, the
European Union’s decisions highlight the hazards of HHPs, including the non-renewal of
authorizations for chlorothalonil [5] and mancozeb [6], and the revocation of authorizations
for chlorpyrifos [7], with maximum residue limits reduced to the default level in most
commodities [8].

In recent years, WHO and FAO have outlined eight hazard based criteria encompass-
ing acute toxicity, carcinogenicity, mutagenesis, reproductive toxicity and listing under
key international conventions that classify certain pesticides as HHPs: pesticides that are
carcinogenic according to the Globally Harmonized System of Classification and Labeling
of Chemicals (GHS); pesticides identified as mutagens by the GHS; pesticides displaying
reproductive toxicity, as noted by the GHS, the International Chemical Safety Cards (ICSC),
the Pesticide Database of the European Union, the European Chemical Agency (ECHA), the
OECD e-Chem Portal, and the WHO-International Agency for Research on Cancer (IARC);
pesticides listed in Annexes A and B of the SC on Persistent Organic Pollutants (POPs); pes-
ticides listed in Annex III of the RC; pesticides identified under the MP on ozone-depleting
substances; and pesticides that result in a high incidence of severe or irreversible adverse
effects on human health or the environment, as reported by FAO and WHO [3]. Most HHPs
are older-generation products that are persistent and bioaccumulative, remain off-patent,
and are readily available in markets in developing countries [9,10]. These countries require
more effective registration schemes and enhanced capacity to monitor and enforce the
proper use of pesticides in agriculture [11]. The high cost of new-generation pesticides
and the implementation of Good Agricultural Practices (GAP) have been identified as
limitations to reducing HHP use in developing countries [12].

Various sources indicate that, in Chile, pesticides are not sufficiently regulated for
importation, registration, and monitoring by the Ministry of Health and the Ministry of
Agriculture [13]. Registration of pesticides takes almost 11 months, and renovation or
modification takes more than 12 months. The Agricultural and Livestock Services (SAG)
has exclusive authority for pesticide authorization, excluding actions by the Ministry of
Health or the Environment of Chile [14]. In the process, the rule requires evidence of
the formulations’ efficiency in controlling pests and diseases. Still, it does not consider
the scientific evidence on the impacts of the active ingredients and their metabolites on
human health and the environment [15]. The labeling of pesticides used in agriculture does
not include chronic toxicity, carcinogenicity, endocrine-disrupting capacity, or pictograms
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under the Global Harmonized System of Classification and Labeling of Chemicals (GHS),
resulting in a lack of relevant information for farmers to consider the hazards and risks to
human health and the environment [16]. In addition, recent evidence suggests a concerning
increase in the smuggling and distribution of counterfeit pesticides in Chile, reflecting
a broader global trend in the illicit trade of agrochemicals. This illegal market not only
undermines regulatory systems and erodes trust in food supply chains but also poses
significant risks to crop health, environmental sustainability, and human safety [17].

In Chile, a country with a substantial and robust agricultural export economy, the
current use of HHPs presents a complex challenge. Despite regulatory efforts and inter-
national pressure to ban these pesticides, many HHPs are still frequently misused, with
limited awareness of their environmental and health risks [18,19]. In this context, the Office
of the Comptroller General of Chile (OCGCh), the country’s leading authority overseeing
public administration and enforcing national laws and regulations, evaluated the pesticide
registration process in Chile (Audit 3E) conducted by SAG between 2017 and 2019 [20].
The conclusions of Final Report N° 174/2021, delivered in 2021, compare Chile with the
European Union, revealing a critical situation regarding pesticide registration due to a lack
of available data, the absence of a risk assessment, and the absence of an official methodol-
ogy for estimating potential health risks to humans and the environment from exposure to
HHPs in the country. This critical situation was particularly evident in the approvals of
99 HHPs in Chile, which are banned in Europe due to established environmental and health
risks. Since 1984, approximately 35 active ingredients have been restricted or banned from
the official list of prohibited pesticides reported by the SAG [21]. Most banned organophos-
phate pesticides worldwide are still utilized in Chilean agriculture. The study hypothesized
that surveillance of Chile would reveal persistent commodity-specific MRL-exceedance
signals, and that the active ingredients most frequently associated with exceedances and
sales indicators would overlap with FAO/WHO hazard-based HHP criteria. The period
spanning from 2015 to 2023 was selected because it aligns with the continuous timeframe
covered by the official residue surveillance microdata available for analysis at the time of
extraction. This selection facilitates the assessment of persistent MRL exceedance signals
across multiple years within the national monitoring framework. Accordingly, this study
aims to; (a) quantify detection and MRL exceedance patterns across commodity groups
and, where available, by region, 2015-2023; (b) summarize official sales indicators using the
units as reported by SAG; (c) identify and document HHPs present in monitoring records
to support agronomical risk management actions (GAP/PHI) reinforcement, monitoring
prioritization, and substitution with IPM.

2. Materials and Methods
2.1. Data Sources and Governance

Analyses were conducted using secondary data from official datasets obtained in 2024
through information requests submitted to the National Council of Transparency from the
Ministry of Agriculture and the Ministry of Health of Chile. Microdata from SAG, obtained
via transparency requests, were integrated with international sources, including the FAO.
Access to the administrative pesticide sales extract required a formal transparency request,
and the structure of the returned extract may vary by year and request type. This limitation
is therefore treated as a data-governance constraint and motivates the use of an independent
external availability indicator (Customs/imports) for contextualization. For each dataset,
the custodian, legal basis, coverage years, variables retained, and inclusion/exclusion
criteria are documented. SAG sales data were used in two complementary ways: a national
sales series with coverage spanning 2001-2023 (with gaps in the years not returned in the
transparency extracts) to describe long-term patterns in domestic availability and active
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ingredient levels sales indicators for the periods in which ingredient level details were
available to support the HHP summary. Because the extract did not provide annual values
for (2013-2017, 2020-2022), the sales series is treated as non-contiguous, and values are
not interpreted as a continuous annual trend across missing years. National food moni-
toring microdata, evaluated only for vegetables and fruits, covered the 2015-2023 period.
Domestic sales and international imports were analyzed separately, without aggregation.
Sales denote quantities marketed within Chile, whereas imports denote cross-border in-
flows; both are presented separately without aggregation. A side-by-side comparison was
provided to ensure directional consistency, while quantitative summation was avoided
to prevent double-counting of the product. Import statistics were obtained from Chile’s
Servicio Nacional de Aduana (National Customs Services) and used as an external indicator
of cross-border inflows of pesticide products. A harmonized import time series for pesti-
cide products was compiled from official trade records provided by the Chilean National
Customs Service for the period 2001-2023. Records were extracted using Harmonized
System (HS) codes corresponding to pesticide preparations and related products under
HS heading 3808. To consistently reflect the different types of pesticides across years, HS
subheadings were mapped to functional pesticide groups based on the HS descriptions:
insecticides, fungicides, herbicides, and other pesticide-related groups (miscellaneous:
rodenticides, plant growth regulators, disinfectants, and anti-sprouting products). Import
quantities were standardized to a common annual metric for visualization and descriptive
analysis. When multiple reporting units were present across years, values were converted
to metric tons using direct unit conversions. No attempt was made to convert quantities
into active-ingredient equivalents because formulation composition is not available at the
HS aggregation level. To address potential HS nomenclature revisions over time, the series
was harmonized to the most stable level available in the extract and then summarized
annually by pesticide group. Customs imports are treated as an external inflow indicator
and are not assumed to equal domestic use in the same year because of inventory dynamics,
market structure, and potential re-exports.

2.2. Food Monitoring Sampling Strategy

National residue surveillance adheres to a risk-based framework. Between 2015 and
2023, samples were systematically collected from retail outlets, wholesale markets, street
vendors, and small farms. Each record included the following essential fields: the com-
modity name and its associated crop group, the active ingredient (Al, ISO denomination,
and CAS number), analytical results expressed in mg/kg, laboratory detection limits (LOD
and LOQ), and the national Maximum Residue Limit (MRL) in effect on the sampling
date. Records lacking key identifiers or containing contradictory entries were omitted. The
surveillance dataset comprised 9145 samples, including 2634 vegetables and 6511 fruits.

2.3. Sampling Frequency and Representativeness

National residue surveillance employs a risk-based approach. Sampling occurs year-
round with intensified activity during predefined high-risk window defined operationally
as: (a) peak harvest and marketing periods for commodities with historically higher MRL
exceedance signals; (b) seasons with elevated pest pressure that typically increase pesticide
application intensity; (c) periods following surveillance triggers such as prior exceedances,
export interceptions, targeted inspections, or official alerts issued with the SAG program.
These “high-risk windows” are used to prioritize monitoring resources toward commodity,
region, and season combinations with a higher likelihood of detecting non-compliance
signals, consistent with a targeted (risk-based) surveillance design. Because probability
sampling is not used, the outputs are interpreted as monitoring indicators rather than popu-
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lation prevalence estimates. Specifically, the surveillance data are well-suited to identifying
recurrently detected active ingredients and those that disproportionately contribute to MRL
exceedance signals; flag commodities and crop groups that repeatedly appear in exceedance
and therefore merit targeted agronomic follow-up; and highlight geographic areas and
marketing channels. Conversely, these data are not intended to estimate the national mean
proportion of contaminated samples because detection frequencies are influenced by the
targeted (risk-based) sampling strategy. Collection points include retail outlets, wholesale
markets, street vendors, and small farms. Since it does not use probability sampling, the
results are considered indicators of the monitoring program. The annual report details the
number of samples analyzed and the instances of MRL exceedances. When data is available,
regional breakdowns are presented, and all spatial comparisons remain descriptive.

2.4. Analytical Stance on Sales and Imports

The SAG sales extract was provided in a single combined reporting field (k/L), without
the separation of mass and volume. Customs imports are reported as the mass of imported
products. Therefore, both indicators are interpreted as directional availability signals rather
than directly comparable absolute quantities. Because product density and formulation
vary across commodities and brands, no conversion between liter and kilogram is valid
without product-level density metadata. Imports were not converted to active-ingredient
equivalents because formulation composition was not available at the HS level. Therefore,
this study does not convert the reported values and interprets them strictly as indicators of
administrative availability.

2.5. Data Harmonization and QA/QC

Data were extracted, cleaned, and standardized variables related to commodity, re-
gion, active ingredients (Al), and concentration (mg/kg). Our QA /QC process included:
(a) removing duplicates based on composite keys (date, location, commodity, a.i); (b) nor-
malizing units and checking value ranges; (c) addressing left-censored data (<LOD/<LOQ)
through substitution (primary: LOQ/2), with sensitivity analysis using zero and LOD/2;
(d) confirming that exceedances were assessed against the relevant MRL on the sampling
date. No spatial statistics are provided, and regional summaries are solely descriptive.
For the sales/usage series, data used complete-case processing. Records with missing
active ingredient identifiers or missing quantities were excluded from ingredient-specific
summaries. The study does not impute missing annual sales values because the underlying
reporting completeness by year and formulation is not documented in the official extract.

2.6. Sales/Usage Field from SAG

Quantities from the SAG sales extract are reported in the source combined kg/L field
and are therefore treated as directional administrative indicators (see Section 2.4). No
assumption equating liter and kilograms was applied, and no density-based conversion
was attempted. The original files do not differentiate between mass and volume, nor do they
include formulation-specific densities. Since disaggregation is not feasible, and densities
were not provided. These series are comparable to the SAG time trend but cannot be
directly compared with mass-only or volume-only statistics from other sources that include
import data; they are displayed side by side without aggregation to avoid unit mismatches
or double counting.

2.7. Exceedance Indicator and Interpretation Under Risk-Based Surveillance

For each stratum (year x commodity group x region), the MRL exceedance indicator
was computed as PS = Ys/Ns, where Ys is the number of analyzed samples exceeding the
national MRL applicable on the sampling date, and Ns is the total number of analyzed
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samples in that stratum. As the surveillance program operates on a risk-based approach,
Ps should be regarded as indicators of monitoring rather than as estimates of population
prevalence. Furthermore, ‘risk” pertains to regulatory non-compliance rather than health
risks. In strata characterized by small Ns, Ps may exhibit statistical instability and should
be interpreted with caution, prioritizing consistent multi-year signals over isolated fluc-
tuations. MRL exceedances were evaluated against the national regulatory framework
applicable at the time of sampling as reflected in the monitoring program records. Be-
cause monitoring practices and analytical scope/sensitivity can evolve over time, temporal
patterns are interpreted cautiously as risk-based surveillance signals rather than as strict
estimates of changes in population prevalence. The monitoring program operates under
a risk-based (targeted) surveillance framework, meaning that sampling is intentionally
focused on commodity/season/market contexts where non-compliance is more likely, and
on historically high-signal commodities, peak marketing windows, and alert-triggered
follow-up, rather than using probability sampling designed to estimate national preva-
lence. Consequently, Ps is interpreted as a surveillance signal and is influenced by both
underlying residue occurrence in the supply chain and the sampling, including targeting,
timing, and sampling frequency. Throughout the manuscript, “risk” refers strictly to regu-
latory non-compliance signals and does not represent quantified dietary or occupational
health risk. Importantly, exceedance signals cannot be attributed exclusively to deliberate
non-compliance. They may reflect multiple drivers, including the continued availability
of legacy/outdated active ingredients, stewardship constraints affecting GAP/PHI imple-
mentation, and regulatory transitions (including changes in MRL threshold). In addition,
residue occurrence and exceedance signals may persist even under formal compliance when
broader pesticide risk governance and systematic human health and environmental risk
assessment components are only partially, fragmented, or inconsistently integrated across
agencies. Accordingly, interpretations avoid causal attributions and focus on identifying
recurring commodity /active-ingredient combinations that warrant targeted agronomic
follow-up and strengthened stewardship.

2.8. Highly Hazardous Pesticide Classification Workflow and Resolution of Discrepancies

Active ingredients were standardized to ISO names and CAS numbers before classifi-
cation. Each active ingredient was assessed against the FAO/WHO hazard-based criteria
for Highly Hazardous Pesticides [3]. For transparency, the study recorded which crite-
ria were triggered for each active ingredient. When classification differed across sources,
FAO/WHO hazard-based criteria were treated as the primary decision standard for HHP
assignment; the Pesticide Action Network (PAN) listing was retained as a secondary flag to
document discordance and support interpretation, but it did not override the FAO/WHO
assignment [22]. For mixture products, classification was conducted based on the active
ingredients. Any formulation that includes at least one FAO/WHO HHPs active ingredient
is marked as containing an HHP. All results are reported at the active ingredient level.

2.9. Documentary Sources and Citation Policy

Statements regarding regulatory design and interagency coordination originate from
official documentary sources. The study reviewed policy frameworks, technical guides,
and audit reports published by Chile’s national authorities, including the Ministries of
Health, Agriculture, and Environment. These sources are cited by title, issuing authority,
publication year, and access date. Data refrain from making normative claims that are not
directly supported by these documents.
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2.10. Qualitative Prioritization of Management Options

To translate surveillance signals into agronomically actionable options, a qualitative,
criteria-based prioritization was applied to active ingredients showing recurrent detection
and/or exceedance signals during 2015-2023. The framework considered the surveillance
signals persistence and concentration of exceedance by commodity group region across
year, the hazard profile (HHP designation using FAO/WHO hazard-based criteria as the
primary decision standard), the agronomic feasibility availability of effective alternatives,
resistance-management need, and stewardship requirements, market relevance (export-
market context and regulatory posture in major destination markets where relevant), and
implementation feasibility practicality of phased measures considering seasonality and
supply chains. The framework yields graduated management options, enhanced steward-
ship (GAP/PHI verification and targeted monitoring), substitution/rotation within IPM,
and phased restriction where alignment and feasible alternatives exist. This prioritization
is presented as qualitative decision support; no cost-benefit analysis, probabilistic trade
modeling, or new dietary exposure assessment was performed.

3. Results and Discussion

Results are presented as annual and stratified proportions, and interpretations remain
program indicators under risk-based sampling. Based on available data, pesticide use
per hectare of cropland in Chile [23] increased from 3 kg/ha in 2001 to 9.94 kg/ha in
2022, primarily due to the high intensity of agriculture in the Central region of Chile
(Figure 1). The expansion of agricultural exports, the introduction of monoculture systems,
climate change, emerging pest threats, weak enforcement of pesticide regulations, the
growing market for pesticides in Chile, and the perception that pesticides are essential for
competitiveness contribute to understanding this situation [13].

14 +

—— Chile —@— Bolivia —%— Agentina —@— Brazil —a— Peru 12.63

12 +

10

Pesticide use per hectare of cropland
(kg/ha)

2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022

Figure 1. Pesticide use (kg/ha) per hectare of cropland in some South American countries [23].

On the other hand, official SAG sales indicators are available as a historical series
from 2001 to 2019 (Figure 2A). The data was categorized into herbicides, fungicides, and
insecticides. Additionally, a category labeled “Miscellaneous” is incorporated to encompass
non-disaggregated or unspecified product groups within the source dataset, such as mixed
or unspecified preparations, entries lacking a specific product-group classification, or minor
categories consolidated in the original dataset. This import includes HS3808 preparations
not mapped into core crop-protection groups (disinfectants and other biocides, including
rodenticides), and annual inflows may reflect inventory timing and potential re-export.
Apparent cases where the import total exceeded the domestic sales declaration should
not be interpreted as a like-for-like comparison, because imports are reported as a mass
of formulated products under HS3808, whereas SAG sales are reported in a combined
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administrative kg/L field without mass-volume separation. Total reported sales increased
from 24,138,998 kg /L in 2001 to 54,697,125 kg /L in 2019 (last year of the historical series).
Because SAG reporting does not separate mass from volume and does not provide for-
mulation densities, we present the series as provided and interpret trends within it. To
complement these indicators, results are presented as 2001-2023 import statistics from the
National Customs Services (Figure 2B), side by side, as a directional signal of pesticide avail-
ability; imports and domestic sales are not aggregated due to differences in scope, units,
and potential inventory/re-export effects. This dual presentation improves interpretability
while avoiding double-counting or invalid unit conversions. Some active ingredients are
produced locally, whereas others are imported, including some that are not approved for
use in developed countries. Currently, Chile has 1492 formulations from various sources
worldwide available for diverse agricultural purposes [24]. These formulations are crucial
for the intensive production systems of high-value exports, such as table grapes, avocados,
berries, cherries, and citrus fruits, which are shipped to numerous markets.

80,000 +
60,000 +

40,000 +

Pesticide sales (t)
(SAG extract unit kg/L)

20,000 +

2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2018 2019 2023
A) =1 Insecticides [ Fungicides [ Herbicides [ Miscellaneous —e—— Total

80,000 T

60,000 +

Imports (t)

40,000 +

20,000 +

2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023

B) === Insecticides = Fungicides [ Herbicides I Miscellaneous —=e—— Total

Figure 2. Domestic pesticide sales reported by SAG, with coverage spanning 2001-2023, by product
group (A). Annual SAG sales values were not available for 2013-2017 and 2020-2023 in the trans-
parency extract. Quantities are displayed in the original units provided by each source. (B) shows
a harmonized import series (2001-2023) derived from official records of Chile’s National Customs
Service for HS heading 3808, mapped to pesticide-type groups. “Miscellaneous” denotes records
in the source extract that were not disaggregated into the major pesticide product groups, such as
desinfectants, biocides, and rodenticides [25].

The marked increases observed around 2004-2005 and during 2012-2019 are ap-
proached with caution, as the series reflects administrative sales extracts reported in a
combined kg/L field and may be influenced by modifications in extract structure and cov-
erage over the years. These increases likely indicate a combination of changes in product
composition, with a significant contribution from fungicides, consistent with intensive fruit
and horticultural production systems, as well as market dynamics and crop protection
demand, as captured by the administrative declarations. Furthermore, annual variations in
the recording or aggregation methods for product groups within the extract may contribute
to apparent step changes. Consequently, these spikes are regarded as directional signals of
availability rather than accurate estimates of applied quantities.
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To contextualize domestic availability indicators with an external continuous source,
pesticide imports were summarized from official Chilean customs records compiled by
ODEPA under HS heading 3808 (formulated pesticide preparations) for 2001-2023, grouped
into insecticides, fungicides, herbicides, and other H53808 biocide categories. Import
volumes are treated as cross-border inflows (availability indicators) and are not aggregated
with SAG sales declarations because of differences in scope, product composition, potential
inventory dynamics, and re-exports. In Figure 2B, the total HS3808 inflows increased
from 18.8 thousand tons in 2001 to 52.8 thousand tons in 2019, peaking in 2021 (77.6
thousand tons) and remaining elevated in 2023 (54.2 thousand tons). Because HS3808
includes disinfectants and other biocides that can inflate the total, additionally report a
crop protection subset (insecticides + fungicides + herbicides), which doubled from the
protection subset, dominated by herbicides (16.2 thousand tons in 2001 to 33.1 thousand
tons in 2023. In 2023, the crop-protection subset was dominated by herbicides (16.3 thousand
tons; 49%), followed by insecticides (10.3 thousand tons; 31%). This external import series
provides a continuous availability signal that complements the non-continuous domestic
sales extract and supports the interpretation of long-term patterns of pesticide availability
alongside residue surveillance findings.

The availability signals for pesticides in Chile exemplify why usage trends may vary
across metrics and data pipelines. Domestic administrative sales extracts (SAG) serve as a
significant long-term indicator of the pressure exerted by marketed pesticides; however,
their utility for quantitative inference is limited due to structural weaknesses. The sales data
are reported in a combined unit of kilograms per liter (kg/L), with annual coverage being
non-contiguous in transparency extracts, and detailed ingredient information available only
for a subset of years. This restricts the reproducible linkage between marketed quantities
and residue surveillance signals. Conversely, the Chilean Customs/ODEPA HS 3808 import
series provides a continuous, externally anchored indicator of imports of formulated
pesticide preparations. Nevertheless, HS 3808 consolidates heterogeneous products; thus,
the total imports must be interpreted with careful subgrouping and cannot be assumed
to represent active ingredients without considering formulation compositions. The dual
limitations of non-standardized domestic sales units and broad HS aggregation mean that
neither source can serve as a definitive estimate of national pesticide use alone. Instead,
both should be regarded as complementary indicators of availability, alongside residue
monitoring. This interpretation aligns with recent evidence indicating that internationally
harmonized pesticide use series may be biased downward when national reporting is
incomplete, and that trade-informed reconstructions significantly revise inferred trajectories
(GloPUT) [26]. This statement aligns with the wider body of methodological literature
demonstrating that sales records necessitate explicit harmonization and metadata to serve
as policy-informative tools. It underscores the significance of adopting standardized, high-
resolution reporting systems for effective governance [27]. Finally, because mass-based
availability indicators can differ from hazard-weighted impact metrics, trends in marketed
quantities should not be confused with risk trajectories. Toxicity-weighted approaches
can behave differently than mass flows, emphasizing the need for transparent hazard and
exposure integration within national governance [28]. Taken together, the SAG/Customs
discrepancy represents more than a simple data inconsistency; it signifies a governance
constraint. Currently, Chile lacks a stable, harmonized, and publicly accessible system to
connect sales, imports, active ingredients, use patterns, and surveillance outcomes within a
unified risk governance framework. This deficiency diminishes the capacity to attribute
exceedance signals to specific market drivers and delays the implementation of targeted
substitutions and stewardship actions. Furthermore, it is probable that substantial imports
of various pesticide categories (e.g., HS 380891) occur, which are not publicly accessible but
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are typically reported in liters. This constitutes additional volume that is not accounted
for [29]. Since 2001, the discrepancy, coupled with inconsistencies in the official data, has
raised serious concerns about the underestimation of actual pesticide availability [30].
Chile’s domestic manufacturing and formulation capacity is limited, with the industry
primarily relying on imported active ingredients and formulated products. Consequently,
customs data act as a valuable supplementary indicator of availability flows, although they
may also reflect re-export stockpiling.

To enhance interpretability, Figure 3 summarizes the availability /top-selling HHP
active ingredients across the available years 2018 and 2019. Accordingly, the figure does
not imply an increase in sales over time; it summarizes the cumulative magnitude to
identify which HHP active ingredient contributes most to the availability signal, subject
to administrative reporting constraints. Temporal interpretation is addressed separately
through the surveillance exceedance indicators and the long-term availability context,
rather than by inferring a continuous annual trend from non-contiguous sales data. Chilean
sales in 2018 and 2019 were dominated by several active classes commonly classified as
HHPs. Several of these substances have been reevaluated or withdrawn from the European
Union, revealing differences in how hazards are managed and approved. For example, the
EU chose not to renew the approval for mancozeb in agricultural use as of February 2021 [6].
Chile uses a formal pesticide sales declaration mandated by SAG. However, the system
primarily functions as a statistical tool and lacks regulatory enforcement capacity to restrict
or phase out toxic pesticides [31]. Figure 3 shows that several HHPs, including glyphosate,
chlorpyrifos, mancozeb, abamectin, diazinon, lambda-cyhalothrin, and chlorothalonil,
were among the most active ingredients sold in Chile during 2018 and 2019. Notably,
lambda-cyhalothrin was the most common pesticide residue found in commonly consumed
vegetables in Chile during that period [32], and chlorothalonil was detected in samples of
Chilean avocados and peaches [33]. In 2019, pesticide sales were, in most cases, higher than
those in 2018, except for chlorothalonil, atrazine, profenophos, and diuron. Furthermore,
most of these active ingredients are classified as HHPs according to FAO/WHO criteria
due to their effects on human health and the environment.
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Figure 3. Availability indicator for the active ingredients of top-selling highly hazardous pesticides
derived from the SAG administrative sale extract. Values are presented in the source reported unit
(SAG administrative field) and are interpreted as directional availability signals (Section 2.4). The
bars represent the total reported quantity, summed across the available years in Chile, specifically
2018 to 2019. Import statistics are not included in this figure and are presented separately as a Custom
import indicator [25].

Chile primarily uses older-generation organochlorines and organophosphates, which
persist longer and are more toxic than newer pesticides, thereby increasing the risk to food
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safety and human health [34]. Many HHPs authorized in Chile have been banned inter-
nationally due to their risks to humans and ecosystems. More than 30% of the authorized
pesticides are locally manufactured, whereas the remainder are imported, despite some
active ingredients being prohibited for use in developed countries [31].

Highly hazardous pesticides from older generations, which are persistent and bioaccu-
mulate, remain off-patent and are easily accessible in developing countries’ markets, where
registration systems are weak, and the capacity for health risk assessment is limited [13].
Currently, some HHPs can be purchased in Chile for agricultural purposes without any
restrictions, controls, or tracking. Figure 4 presents the hazard-criteria trigger profile for the
combined set of HHPs highlighted in Figures 3 and 5. Some of them are carcinogenic and
genotoxic, having a direct impact on human health [35]. Factors such as enforcement and
national surveillance have been identified as barriers to the adoption of the International
Convention on Plant Protection (ICPM) in Latin American countries, as they hinder the
adoption of good agricultural practices [36]. Pesticide standards vary across countries and
are complex, multidimensional, and challenging to harmonize. This issue is particularly
critical in developing countries that are significantly affected by stringent pesticide regula-
tions. The ICPM encourages governments to introduce policies, legislation, or restrictions
on pesticides that align with the guidelines of the FAO and WHO [37].

H Criteria Ta and Ib Carcinogenic Mutagenic Ia and Ib Reproductive Ta and Ib B Stockholm Annex D
B Rotterdam Annex III B Montreal B Bioaccumulative @ Environmental impact

Y
g

11,3-Dichloropropene

N
'
T

—

Summation of criteria

| AR

Figure 4. FAO/WHO hazard-criteria triggers profile for the union set of HHPs active ingredients
shown in Figures 3 and 5 [36]. Criteria are reported at the active-ingredient level, as highlighted
in Figures 3 and 5 (Section 2.8). Criteria are reported at the active ingredient level. Each active
ingredient appears once on the x-axis as a labeled block. With each block, colored bars indicate which

hazard criteria are triggered. Vertical separator delineates the boundary between active ingredients
to prevent misreading of the criteria assignment across adjacent pesticides.

Currently, pesticide trading companies worldwide rely on international data to sup-
port their registrations. However, in Chile, local environmental factors such as soil compo-
sition, climate, and hydrology are often overlooked when assessing formulation behavior.
This results in a lack of relevant information on the fate of certain toxic pesticides and their
metabolites in soils or water bodies, which have unique physicochemical properties [38].
The absence of environmental exposure data and their uneven distribution have prompted
calls to develop local scenarios that accurately reflect these conditions.

Compared with European regulations, such as CE N° 1107/2009 and 128/2009 CEE,
there is no dietary risk assessment for decisions to ban, restrict, or prohibit a pesticide in
Chile [39,40]. The SAG manages authorizations and post-registration data in Excel spread-
sheets. Sometimes, international information must be translated into Spanish, leaving
insufficient information to update and regulate the active ingredients. The SAG is responsi-
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ble for registering and authorizing pesticides for agricultural use. The legal framework is
based on Regulations No. 3557 of 1980 and Resolution No. 1557 of 2014, as well as their
subsequent amendments, including those made in 1400/2015, 1028/2016, and 54482 /2016.
Other regulations cover their application, production, storage, transportation, final disposal,
and waste [13].
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Figure 5. Most frequently detected HHP-classified active ingredient residues in plant-based foods
from the national surveillance conducted by the Agricultural and Livestock Service from 2015 to
2023. Frequencies reflect risk-based monitoring and are interpreted as surveillance signals rather
than population prevalence estimates.

The latest report reveals several inconsistencies and errors in the authorizations,
resulting in a lack of transparency and traceability of the records, which is contrary to the
international standards proposed by the WHO and FAO [41]. Therefore, it is necessary
to adopt the precautionary principle for pesticides to regulate their authorization for
use in agriculture and to evaluate their acute and chronic impacts on human health and
the environment.

In Chile, pesticide residues in raw vegetables are regulated by MRLs. The MRLs
are extremely useful for understanding the connection between pesticide residues and
compliance with Good Agricultural Practices. The Ministry of Health of Chile established
the MRLs based on the CODEX Alimentarius, as well as the standards of the European
Union, the United States, and Japan, by Resolution No. 209/2020 [42].

Over the last few years, several studies have raised serious concerns about HHP
residues in various matrices, thereby increasing the risk to human and environmental health.
According to Chilean regulations on MRLs for pesticide residues in fruits, the highest
number of transgressions was recorded in 2019, with more than 1500 samples exceeding
the MRLs. Since 2015, the MRL transgression rate has been 23.2% across 492 samples,
reaching 27% in 2018 across 407 samples evaluated. In the same year, the notification rate
for pesticide residues in the RASFF system in Europe was 2—4% of the total number of fruit
or vegetable samples [43]. In 2023, EFSA reported 13,246 samples under the coordinated
program, with 1% non-compliance, and an additional 132,793 risk-based samples, with 2%
non-compliance. These rates are significantly lower than the excess proportions observed
in some Chilean vegetables throughout the years. However, differences in sampling frames
and enforcement should be considered [44]. EU non-compliance percentages are provided
here only as contextual benchmarks because the Chilean program is risk-based; direct
numerical comparability is not assumed, and it interprets differences as population-level
contrasts. In several years, exceedance proportions exceeded 20-30% in vegetables, mainly
in the Central regions of Chile. Also, in 2019, more than 30% of the fresh vegetables
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evaluated exceeded their corresponding MRLs [45]. The areas of Chile with the highest
transgressions of the national regulation were Arica, Coquimbo, Valparaiso, Metropolitan,
O’Higgins, and Maule. From 2015 to 2023, the most frequently detected HHPs in the
evaluated food samples were tebuconazole, captan, iprodione, chlorothalonil, carbendazim,
imidacloprid, and thiacloprid (Figure 5). To provide a functional interpretation consistent
with agronomic practice, the most frequently detected active ingredients were grouped
into primary pesticide classes (fungicides, insecticides, herbicides; acaricides reported
separately). Among the top 30 detected residues, detections were dominated by fungicides
(20,590 records; 72% of detections within the top 30), followed by insecticides (7170; 25%)
and acaricides (578; 2%). Herbicide residues were rare among the high-frequency detections.
This pattern is consistent with residue surveillance in harvested commodities, where
fungicides and insecticides are commonly targeted by multi-residue panels and more likely
to persist as measurable residues in edible matrices, whereas many herbicides are either
less represented in commodity-focused residue panels or show different residue behavior.

Between 2015 and 2023, 73 out of 124 detected active ingredients were classified as
operational HHP, representing 58.9% of unique active ingredients. At the record level, those
classified as HHP made up 59.5% of all detection records and 44.6% of MRL exceedance
records. This shows that high-hazard substances are a significant part of both detection
counts and non-compliance signals in the monitoring program. From 2015 to 2023, frequent
detections and significant MRL exceedances occurred in leafy vegetables, solanaceous crops,
and certain fruits. These exceedances often involved commodities such as lettuce, chard,
spinach, tomatoes, peppers, grapes, apples, blueberries, and cabbage, which are important
for production and consumption in central Chile [45-53]. A relevant source of exceedance
events was identified from samples collected at wholesale and street markets, as well as
other monitored sites within the national program [53]. These findings should be viewed
as signals from the monitoring program within a risk-based sampling framework and used
to prioritize targeted follow-up, such as GAP/PHI verification and focused monitoring
of recurring active ingredients. To facilitate agronomic interpretation in the manuscript,
HHPs focused on the most frequently detected residues, summarized by principal pesticide
classes: fungicides, insecticides, and herbicides. Respective HHP-classified residues were
quantified as a proportion of detections and exceedances across the years 2015-2023.

Although this study does not include dietary exposure estimation or probabilistic
health risk assessment, the surveillance indicators presented help identify commodity-
active-ingredient combinations that should be prioritized for further evaluation and
agronomic management. Initially, the country can perform deterministic screening us-
ing national consumption data and toxicological reference values, Acceptable Daily Intake
(ADI)/Acute Reference Dose (ARfD) for the active ingredients that are repeatedly detected,
while applying cumulative approaches for shared endpoints when suitable. From an agro-
nomic perspective, the main value of these findings is to improve verification of GAP and
PHI compliance, focus monitoring efforts on high-signal commodities and regions, and
aid in substitution planning within Integrated Pest Management (IPM) for frequently used
HHP active ingredients.

While this study emphasizes public health relevance, it does not carry out new dietary
exposure calculations or quantitative risk assessments. Instead, interpret “human health
implications” using surveillance indicators, MRL exceedance rates, and the repeated de-
tection of HHPs serving as practical proxies for potential consumer health concerns and,
from an agricultural standpoint, for possible violations of Good Agricultural Practices and
pre-harvest intervals. Notably, the patterns of active ingredients in commodities discussed
here align with those identified in Chilean deterministic dietary risk assessments, includ-
ing ready-to-eat leafy vegetables from Santiago markets and tomatoes and lettuce from
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the Metropolitan Region, in which methamidophos and chlorpyrifos were consistently
identified as major contributors to potential acute risk. Consequently, our findings offer
an evidence-based prioritization framework for subsequent assessments that combine na-
tional food consumption data with toxicological reference values (ADI/ARfD) and, where
possible, cumulative exposure evaluations, while maintaining the current study’s focus on
surveillance, MRL compliance, sales/import metrics, and HHP profiling.

These management options are discussed, considering surveillance signals (recurring
commodity/active/ingredient combinations), hazard classification (HHP status), and agro-
nomic feasibility, consistent with the qualitative prioritization described in Section 2.10.
From a governance perspective, persistent exceedance signals should be interpreted not
only as potential starship challenges but also as indicators of structural limitations in
risk governance (e.g., incomplete integration of hazard characterization, dietary expo-
sure screening, and environmental endpoints into registration and post-registration over-
sight). Strengthening surveillance utility would require harmonized reporting of pesticide
availability and use indicators, and a clear linkage between monitoring outputs and risk
governance actions.

Correlation analyses relating application volumes to detection frequency, as well
as climatic contamination modeling, were not conducted due to the limitations of the
available administrative dataset, which does not permit robust inference. Domestic sales
are aggregated into a single “kg/L” field, lacking formulation metadata. Imports are
documented at the formulated product HS level, and surveillance efforts are risk-based,
thereby indicating that detection frequency is influenced by both target specifications
and the presence of residues. Furthermore, sample-linked agroclimatic covariates, a mass-
based use indicator, ingredient-level reporting, and geocoded agroclimatic covariates were
utilized to assess the availability, detection, and climate-residue relationships within an
explicit causal framework.

4. Conclusions

The extensive use of HHPs in Chile raises notable food safety concerns for consumers
and represents a significant public health challenge that has not been sufficiently addressed.
This study identifies recurring detections of HHPs and multiple signals of MRL exceedances
in specific commodities within Chile’s national risk-based residue surveillance from 2015
to 2023. Since the monitoring is targeted rather than probabilistic, the proportions of
exceedances should be viewed as indicators of non-compliance and monitoring priorities,
rather than as estimates of population prevalence.

From an agronomic management standpoint, the findings highlight the importance
of focusing on high-signal commodities and recurring active ingredients. This approach
facilitates targeted verification of Good Agricultural Practices and Pre-Harvest Intervals,
enhances market-level insights, and supports substitution planning within integrated pest
management. The sale and usage indicators reported by SAG (kg/L) provide valuable
trend information but should not be treated as directly comparable to total mass, given the
use of non-separable units.

While this work does not evaluate dietary exposure or quantify health risks, it offers
a clear foundation for a criteria-based regulatory approach to priority active ingredients.
These ingredients are frequently involved in surveillance exceedances and/or classified
as HHPs under the FAO/WHO hazard endpoint. Future research should incorporate
deterministic and probabilistic dietary exposure models, conduct feasibility and transition
studies for agronomic alternatives, and assess export market scenarios based on destination-
specific MRL requirements.
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