
Academic Editor: William

Frederick Ritter

Received: 31 March 2026

Revised: 29 April 2026

Accepted: 7 May 2026

Published: 11 May 2026

Copyright: © 2026 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license.

Review

Reclaimed Water and Biochar in Southern Highbush Blueberry
Production: A Review of Root-Zone Chemistry, Growth, and
Solute Dynamics
Yasmeen Saleem * and Davie M. Kadyampakeni *

Citrus Research and Education Center, Department of Soil, Water, and Ecosystem Sciences, University of Florida,
Lake Alfred, FL 33850, USA
* Correspondence: saleemyasmeen@ufl.edu (Y.S.); dkadyampakeni@ufl.edu (D.M.K.)

Abstract

Sustainable southern highbush blueberry production in Florida is increasingly constrained
by freshwater competition, variable rainfall, and the chemical vulnerability of coarse-
textured and organic-based production media. Reclaimed water irrigation and biochar
amendment are promising strategies for improving water use efficiency and root zone
function, but their combined implications for blueberry systems remain insufficiently
understood. This review synthesizes the current knowledge on blueberry production
requirements, the regulatory and operational context of reclaimed water use, and the
physical and chemical roles of biochar in sandy and pine bark-based substrates relevant to
horticulture in Florida. Particular emphasis is placed on mechanistic links among reclaimed
water chemistry, substrate properties, and root zone processes that govern salinity, pH drift,
nutrient retention, and solute leaching. The literature indicates that reclaimed water can
improve irrigation reliability and provide supplemental nutrients, but may also introduce
sodium, chloride, boron, and other constituents, as well as alkalinity, which alter substrate
chemistry and increase the risk of salinity stress and nutrient imbalance. Biochar may
enhance water retention, cation exchange, and sorption capacity, but its effects are strongly
dependent on feedstock, production conditions, aging, application rate, and substrate
context. Overall, successfully integrating reclaimed water and biochar into blueberry
systems requires substrate-specific and constituent-resolved evaluation under production
conditions relevant in Florida.

Keywords: reclaimed water; biochar; southern highbush blueberry; pine bark substrate;
root-zone chemistry; salinity; nutrient leaching; sustainable irrigation

1. Introduction
The sustainability of horticultural production systems in Florida is increasingly chal-

lenged by intensifying competition for freshwater resources, variable rainfall patterns, and
the vulnerability of coarse-textured soils and soilless substrates to nutrient loss and salinity
accumulation. These constraints are particularly important for high-value crops such as the
southern highbush blueberry, which is highly sensitive to root zone chemical imbalances,
elevated salinity, and suboptimal substrate conditions. As pressure on conventional water
supplies increases, management strategies that maintain crop productivity while reducing
environmental impacts have become increasingly important.

Two approaches receiving growing attention are the agricultural reuse of reclaimed
water (RW) and the use of biochar as a soil or substrate amendment. Reclaimed water
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can reduce dependence on freshwater resources and may provide supplemental nutrients;
however, it may also introduce salts and other constituents that alter substrate chemistry,
nutrient availability, and plant performance [1,2]. Biochar has been widely studied for its
ability to modify physical and chemical properties, enhance sorption capacity, and influence
nutrient retention and water dynamics; however, its effects are highly context-dependent
and vary with feedstock source, pyrolysis conditions, aging, application rate, and the
characteristics of the receiving substrate environment [3,4].

Southern highbush blueberry provides a particularly relevant system for evaluating
these issues because of its shallow root system, preference for acidic media, and sensitivity
to salinity and poor drainage. In Florida production systems, where pine bark-based
substrates and alternative irrigation sources are especially relevant, the combined use of
reclaimed water and biochar provides a useful case for examining broader interactions
among water quality, substrate buffering, crop sensitivity, and leaching risk in acid-sensitive
horticultural systems.

This review addresses these challenges by moving beyond a descriptive summary of
reclaimed water and biochar use in blueberry production to a comparative and mechanism-
oriented synthesis. Although Florida pine bark-based systems are used as a primary
case context because of their strong relevance to southern highbush blueberry production,
this review also considers broader implications for acid-sensitive horticultural systems
grown in low-buffering soils or organic-based substrates. Specifically, this review evaluates
how reclaimed water chemistry, substrate properties, and biochar characteristics interact
to influence root zone pH, salinity, ion accumulation, nutrient availability, plant stress
responses, and solute leaching. It also examines where current evidence is consistent,
where findings conflict, and which uncertainties remain unresolved, particularly with
respect to long-term performance, biochar aging, and multi-season salt accumulation. By
integrating the literature from both water-management and root zone process perspectives,
this review aims to identify decision-relevant mechanisms, practical trade-offs, and priority
research needs for more resilient blueberry production systems.

2. Conceptual Framework for Reclaimed Water–Blueberry Systems
This review is organized around two complementary analytical frameworks that

link water-resource sustainability with mechanistic root zone processes. Integrated Wa-
ter Resource Management (IWRM) is used to interpret reclaimed water adoption at the
system level, including resource efficiency, water substitution, operational feasibility, and
environmental trade-offs. The Soil–Plant–Environment framework is used to interpret
how irrigation water quality and substrate amendments jointly regulate root zone chem-
istry, nutrient cycling, plant stress responses, and solute movement. Used together, these
frameworks allow the literature to be evaluated not only in terms of whether reclaimed
water or biochar is beneficial, but also in terms of why outcomes differ across studies,
which processes are dominant under specific conditions, and how these interactions trans-
late into management implications for blueberry production and related acid-sensitive
horticultural systems.

2.1. Integrated Water Resource Management (IWRM)

Integrated Water Resource Management emphasizes the coordinated management
of water and land resources to achieve economic and social benefits while maintaining
environmental integrity. In Florida, increasing urban demand and climatic variability
intensify pressure on freshwater supplies, motivating interest in alternative irrigation
sources such as reclaimed water [5]. Reclaimed water supports circular water use and
can offset freshwater withdrawals; however, its suitability for horticultural production
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depends on the magnitude and variability of salinity, ionic composition, nutrient loading,
and potential biological constituents [1,2]. When coupled with substrate amendments such
as biochar, reclaimed water irrigation may better align with IWRM objectives by improving
water retention and sorption capacity, thereby moderating water-quality-driven risks such
as salt accumulation and nutrient leaching [3,4].

From an IWRM perspective, the use of reclaimed water in specialty crop production
should be evaluated not only for its water supply benefits but also for its agronomic and
environmental impacts over time. In blueberry systems, this is particularly important
because reclaimed water may alter root zone conditions through sodium loading, chloride
accumulation, alkalinity effects, and changes in nutrient balance. These potential trade-offs
highlight the need for management strategies that improve substrate buffering capacity
and reduce off-site nutrient and solute losses.

2.2. Soil–Plant–Environment Interactions

The Soil–Plant–Environment framework emphasizes how substrate physical and
chemical properties interact with plant physiological responses under prevailing environ-
mental conditions to determine crop performance. In coarse-textured media typical of
Florida horticulture, biochar has been reported to influence water retention and aeration-
related properties, although the direction and magnitude of these effects depend strongly
on feedstock, pyrolysis conditions, particle size, and application rate [6,7]. Biochar can
also modify nutrient availability by altering pH, cation exchange capacity, and sorption
behavior, thereby influencing nutrient acquisition and plant stress responses [8,9].

Under lower-quality irrigation water, these substrate-mediated effects may be espe-
cially important. By increasing sorption capacity and altering ionic interactions, biochar
may reduce the mobility of certain ions and moderate salinity-related nutrient imbal-
ances, although the outcomes remain highly context-dependent and vary with both water
chemistry and substrate composition [10,11]. In this framework, crop performance is not
determined by irrigation water quality or substrate amendment alone, but by the com-
bined interaction of water composition, substrate buffering capacity, plant sensitivity, and
environmental conditions.

2.3. Remaining Challenges

Despite these potential benefits, adoption of reclaimed water and biochar in Florida
horticultural systems remains constrained by uncertainty in performance and implemen-
tation. Biochar varies widely in ash content, surface functional groups, and liming po-
tential, which can generate inconsistent outcomes across crops and substrates and may
complicate pH management in acidophilic systems such as blueberry. Reclaimed water
quality also varies spatially and temporally, and its ionic composition, including Na+, Cl−,
and alkalinity, can increase the risk of salt accumulation and nutrient imbalance in low-
buffering, highly leachable substrates. In addition, economic considerations, infrastructure
requirements, and regulatory constraints may limit reclaimed water delivery and on-farm
integration at a commercial scale [4,5].

Continued research is therefore needed to establish water quality- and substrate-
specific best management practices and to quantify longer-term effects on substrate chem-
istry, leaching losses, and blueberry performance under Florida-relevant production condi-
tions. In addition, the limited availability of long-term and multi-season datasets restricts
confidence in predicting cumulative salt loading, biochar aging effects, and persistent
changes in nutrient cycling under commercial production conditions.
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3. Southern Highbush Blueberry Production Constraints Relevant to
Water Quality

Southern highbush blueberry (SHB) cultivars are low-chill Vaccinium corymbosum
hybrids adapted to Florida’s subtropical production region and are typically harvested
earlier than northern highbush cultivars, enabling access to premium early-season markets.
Optimal growth occurs under acidic conditions, commonly pH 4.5–5.5, with high organic
matter and well-drained moisture-retentive substrates. However, Florida’s sandy soils
and many production media are characterized by low buffering capacity and limited
nutrient- and water-holding capacity, increasing susceptibility to drought stress, nutrient
leaching, and variable plant performance. Southern highbush blueberry is also sensitive
to salinity and ion-specific effects, particularly those associated with elevated electrical
conductivity and increased Na+ and Cl−, which can disrupt water uptake and nutrient
balance. These risks may be amplified when alternative irrigation sources are used and
when salts accumulate over time in low-buffering substrates. Accordingly, management
practices that stabilize substrate moisture, maintain acidity, and limit salt accumulation are
critical for sustained productivity in Florida blueberry systems.

Florida’s blueberry industry has expanded rapidly over the past two decades,
driven by the development of low-chill southern highbush blueberry cultivars and
Florida’s subtropical climate, which enables early-season production and favorable market
timing [12,13]. Efficient irrigation is essential because SHB has a shallow, fibrous root
system and requires consistent moisture during flowering and fruit development. Drip
irrigation is widely adopted to improve application efficiency and support fertigation,
while reducing non-target water losses and the risk of nutrient leaching below the effec-
tive root zone compared with less targeted irrigation methods [14]. Florida’s warm and
humid climate also heightens pest and disease pressure, underscoring the importance
of integrated pest management strategies that incorporate monitoring, cultural practices,
biological controls, and judicious pesticide use [13,15].

Breeding efforts at UF/IFAS have produced southern highbush blueberry cultivars
with improved yield potential, fruit quality, and adaptation to Florida production con-
ditions, including cultivars such as ‘Arcadia’, ‘Kestrel’, ‘Emerald’, and ‘Farthing’ [12,16].
While ‘Arcadia’ and ‘Kestrel’ exhibit strong self-compatibility, cross-pollination can still
increase fruit mass and total yield in many SHB systems [17,18]. In addition to yield,
cultivar selection is guided by market-relevant quality traits, including firmness, soluble
solids, and phytochemical composition, which influence both consumer acceptance and
postharvest performance [19,20]. To improve drainage and root health in coarse-textured
environments, many Florida producers rely on amended-bed or soilless production systems
that incorporate pine bark-based substrates. Although these systems can improve aeration,
they often have a low buffering capacity and may be prone to nutrient leaching and salt
accumulation depending on irrigation water quality and management [14].

From an economic perspective, blueberry production is an important and growing
specialty crop sector within Florida agriculture. Recent UF/IFAS reporting based on
USDA statistics indicates that Florida produced approximately 22.3 million pounds of
blueberries in the 2023 season, with an associated value of about USD 75 million, grown
on roughly 5700 acres [21]. At a broader scale, UF/IFAS economic impact analyses show
that Florida’s agriculture and food system supports substantial statewide sales revenue
and employment when multiplier effects are included, underscoring the importance of
improving production resilience under increasing land use pressure and competition for
freshwater resources [22]. Despite continued expansion, the industry faces persistent
constraints, including price volatility, market saturation risk, labor availability, competition,
salinity stress, and climate variability [13,23]. In this context, strategic investment in resilient
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production practices, including careful evaluation of reclaimed water and biochar as
integrated water–substrate management tools, may be critical for maintaining productivity
while protecting environmental quality.

3.1. Root Structure and Irrigation Needs

Southern highbush blueberry cultivars are interspecific hybrids developed for warm-
climate production regions, combining the fruit quality traits of northern highbush blue-
berry (Vaccinium corymbosum) with low-chill adaptation, in part derived from southern
species such as Vaccinium darrowii [24]. SHB is widely grown in Florida, where mild
winters and coarse-textured soils and production media create distinct constraints for water
and nutrient management. Its root system is typically shallow and fibrous, increasing
sensitivity to short-term fluctuations in root zone moisture and heightening the importance
of precise irrigation scheduling to minimize stress and sustain nutrient uptake [25]. Be-
cause effective rooting depth is limited, frequent irrigation and careful selection of soil or
substrate conditions are critical for maintaining stable root zone water status.

Irrigation requirements vary seasonally and are influenced by cultivar, weather con-
ditions, and the hydraulic properties of the soil or substrate. Reported crop coefficient
(Kc) values range from 0.59 to 1.10, with an annual mean of approximately 0.84, reflect-
ing changes in canopy development and water demand across phenological stages [26].
In Florida production systems, both micro-sprinkler and drip irrigation are used, with
peak water demand commonly occurring during fruit development and harvest in spring
and, under warm conditions and active canopy growth, extending into early summer [27].
Mulching and organic amendments, including peat-based materials, can improve moisture
retention and plant performance, particularly under high-frequency irrigation regimes [25].
Pine bark-based beds, which are frequently used to improve aeration and drainage, may
require more frequent irrigation because of rapid drainage and limited buffering capacity,
although water-holding behavior varies with bark particle size, compaction, and substrate
blends [27].

Collectively, these characteristics make SHB systems highly responsive to irrigation
management and particularly vulnerable to both solute leaching and salt accumulation
when irrigation water chemistry differs, including under reclaimed water use. This sensi-
tivity underscores the importance of evaluating irrigation not only in terms of water supply
but also in terms of its effects on root zone chemical stability and nutrient dynamics.

3.2. Soil pH and Salinity Tolerance

The southern highbush blueberry exhibits a narrow tolerance range for root zone pH
and salinity, both of which strongly influence nutrient availability, root function, yield,
and fruit quality. Blueberries generally perform best under acidic conditions, with an
optimal pH range of approximately 4.2 to 5.5, in part because acidic conditions enhance
the solubility of micronutrients, particularly Fe, Mn, and Zn, and are consistent with the
physiological traits of blueberry roots and the preferred nitrogen form [28,29]. Elevated
pH can reduce micronutrient availability and has been associated with delayed flowering,
reduced ripening, and poorer fruit quality. Cultivar differences in pH response have also
been reported; for example, ‘Chaoyue No. 1’ showed greater tolerance to higher pH than
‘Climax’, indicating genetic variability that may be relevant for cultivar selection under
marginal conditions [30]. In soilless or amended substrates, liming agents such as calcium
carbonate may be used cautiously to reduce excessive pH fluctuations; however, maintain-
ing the acidic range required for blueberry root function remains a primary management
objective [31].
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In addition to pH sensitivity, SHB is susceptible to salinity stress, which can restrict
water uptake and disrupt physiological and biochemical processes essential for growth
and productivity. Salinity exposure has been associated with altered metabolism and
reduced performance, including effects on stress-response pathways [32,33]. Cultivar
variation in salt tolerance has also been documented. For example, ‘Duke’ demonstrated
greater tolerance than ‘Sweetheart’, which was associated with lower Na accumulation
in leaves and higher expression of the Na+ transport-related gene VcHKT1;1 [34]. These
findings underscore the importance of ion exclusion and stress-response traits in breed-
ing and cultivar selection for saline environments [32]. Additional mitigation strategies,
including beneficial symbioses and rhizosphere-based approaches, may improve nutrient
uptake and stress resilience under salinity, although their effectiveness remains context
dependent [35,36]. Rootstock strategies involving sparkleberry (Vaccinium arboreum)
germplasm may also improve adaptation to suboptimal soils, including elevated pH and
salinity [28].

Together, these characteristics confirm that SHB is particularly sensitive to root zone
chemical perturbations. This sensitivity is central to evaluating reclaimed water irrigation
and biochar amendment, because both practices can alter pH behavior, salinity dynamics,
and ion availability in ways that may either mitigate or intensify production constraints
depending on substrate conditions and management.

3.3. Florida Blueberry Substrates and Implications for Reclaimed Water Chemistry

Florida blueberry production commonly relies on pine bark-based substrates, often
blended with sand, in amended raised beds or containerized systems to maintain aeration,
drainage, and acidic conditions favorable for southern highbush blueberry. These organic-
dominant media differ fundamentally from mineral soils in hydraulic behavior, buffering
capacity, and solute-retention mechanisms, with direct implications for how reclaimed
water alters root zone chemistry. In pine bark–sand systems, rapid percolation and short
residence times can accelerate the transfer of irrigation-water chemistry into the root zone
solution and leachate, particularly under the frequent irrigation regimes typical of blueberry
production. In addition, pine bark substrates can release substantial dissolved organic
carbon (DOC) and exhibit appreciable cation exchange behavior associated with oxygen-
containing functional groups. As a result, early leaching patterns may reflect both external
loading from reclaimed water and internal mobilization of labile substrate pools.

Evaluating reclaimed water in Florida blueberry systems, therefore, requires a
substrate-aware perspective, because pine bark–sand media respond differently to mineral
soils. Owing to comparatively limited carbonate buffering, the repeated application of alka-
line or bicarbonate-rich irrigation water can induce faster pH drift than would be expected
in many field soils, with downstream consequences for nutrient availability in calcifuge
crops such as blueberry [37,38]. These risks may be compounded by confined root zone
volumes and limited dilution capacity in raised-bed or containerized production, which
can accelerate salinity accumulation when irrigation water contains elevated Na and Cl and
when leaching fractions are insufficient to export salts [39,40]. Consequently, management
thresholds for pH and salinity may be reached more rapidly in pine bark–sand systems, and
findings from mineral-soil irrigation studies may not translate directly without accounting
for rapid transport and limited buffering in the substrate environment [41,42].

4. Reclaimed Water Use in Agriculture and Blueberry Production
4.1. Reclaimed Water Use in Agriculture and Horticulture

Reclaimed water has been used in Florida agriculture and horticulture for more than
five decades as a strategy to conserve freshwater resources while improving wastewater
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management efficiency. Florida has become a national leader in water reuse, and the
Florida Department of Environmental Protection (FDEP) reports that approximately 958
million gallons per day of reclaimed water were beneficially reused in 2024, illustrating
the scale of nonpotable reuse statewide [43]. Reclaimed water use is governed by an estab-
lished regulatory framework, with reuse and land application requirements maintained in
Chapter 62-610, Florida Administrative Code, and implemented through FDEP’s compre-
hensive reuse program [44,45].

For edible crops, Florida regulations distinguish between processed and nonprocessed
commodities. In general, direct-contact irrigation with reclaimed water is permitted for
edible crops that will be peeled, skinned, cooked, or thermally processed before consump-
tion, whereas crops consumed raw are allowed only under indirect application methods
that preclude direct contact, such as drip or subsurface irrigation; direct-contact methods,
including spray or overhead irrigation, are prohibited [46]. This distinction is particularly
relevant for berry systems because blueberries are typically consumed without peeling or
thermal processing. As a result, adoption of reclaimed water in blueberry production re-
quires irrigation designs and operational practices that prevent contact between reclaimed
water and fruit or foliage, and this requirement may constrain uses such as overhead frost
protection where direct contact could occur.

Documented benefits of reclaimed water include improved water supply reliability
during drought, supplemental nutrient inputs in some cropping systems, and reduced
irrigation costs in regions where reuse infrastructure is already available [47–50]. However,
important management challenges remain. Elevated salinity and sodicity in some reclaimed
water sources can increase the risk of nutrient imbalance and crop salinity stress if water
quality is not carefully monitored and managed [51]. In addition, statewide planning
priorities and sectoral competition can influence the availability of reclaimed water for
agriculture as urban and public access uses continue to expand [43]. Overall, reclaimed
water represents a promising resource for more sustainable irrigation in Florida, but its
long-term viability depends on continued monitoring and adaptive management tailored
to crop sensitivity and site-specific soil, substrate, and water quality conditions.

4.2. Public Perception and Social Adoption

Public perception and social acceptance remain important determinants of reclaimed
water adoption in Florida agriculture, even when the technical feasibility and water-supply
benefits of reuse are well established. Although reclaimed water has a long history of use
in the state, broader adoption depends on trust in treatment performance, confidence in
monitoring and enforcement, and a clear understanding of how reclaimed water is applied
in ways that protect human health and environmental quality [49]. Florida’s regulatory
framework reflects these concerns by restricting irrigation practices for nonprocessed crops
and requiring application methods that preclude direct contact between reclaimed water
and edible portions [46].

Expansion of reclaimed water reuse has been driven in part by recurring droughts
and the growing value of reliable nonpotable supplies, particularly in regions with existing
reuse infrastructure [47]. Early resistance among some growers, often linked to concerns
about pathogens, trace constituents, and the reliability or consistency of reclaimed supplies,
has generally declined as long-running reuse programs have demonstrated stable operation
and as regulatory oversight and routine monitoring have become more established [47].
Nevertheless, consumer skepticism can still constrain broader social acceptance, partic-
ularly when the public is unfamiliar with reclaimed water treatment processes and the
standards governing agricultural use [52].
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Public attitudes toward recycled water also vary with perceived risk from the source.
In some contexts, gray water is viewed more favorably than reclaimed water derived
from municipal wastewater streams, reflecting differences in perceived contamination
pathways and trust in treatment [53]. Using Q-methodology, studies have identified
stakeholder discourses that frame reclaimed water primarily as (i) a guarantee of water
supply, (ii) a sustainability solution, or (iii) a potential environmental risk. Although these
findings are context-specific, the underlying narratives parallel themes commonly raised in
water reuse debates and may be informative for stakeholder engagement in Florida [52].
Even where grower perceptions become more favorable after adoption, economic barriers,
especially those related to treatment level, distribution infrastructure, and on-farm system
compatibility, can remain significant constraints and may require cost-sharing mechanisms
or public investment to support broader implementation [54]. Across stakeholder groups,
government agencies are commonly viewed as central actors in the adoption of reclaimed
water through regulation, infrastructure planning, and public education [52].

Advanced treatment technologies can substantially reduce pathogens and many chem-
ical contaminant risks when paired with appropriate irrigation methods and site-specific
management; however, caution is still warranted in settings where monitoring and over-
sight are limited, such as residential or home gardening contexts [2,55]. Overall, expanded
reclaimed water use in Florida agriculture will depend not only on regulatory compliance
and agronomic performance, but also on sustained efforts to build public trust through
transparent communication, stakeholder engagement, and long-term outreach [49,52].

4.3. Reclaimed Water Constituents of Concern and Mechanistic Links to Root Zone Processes

Reclaimed water quality is often summarized using electrical conductivity (EC) as
an integrated indicator of salinity; however, the agronomic significance of EC depends on
which ions dominate and how they interact with root zone exchange processes and plant
uptake. In salt-sensitive, calcifuge crops such as southern highbush blueberry, sodium, chlo-
ride, alkalinity (often expressed as bicarbonate, HCO3

−), and boron are key constituents
of concern because they can impose osmotic stress, drive specific-ion toxicities, and indi-
rectly alter nutrient availability through pH shifts and competitive uptake effects [56,57].
Evidence from reclaimed water irrigation studies indicates that sustained inputs of these
constituents can increase root zone salinity over time, with outcomes governed by site
conditions and the balance between irrigation loading and leaching or export [58,59]. Ac-
cordingly, interpreting the impacts of reclaimed water in blueberry systems requires linking
ion-specific contributions to EC with mechanistic pathways in the root zone, rather than
treating EC alone as a universal predictor of crop response.

4.3.1. Sodium-Driven Cation Exchange Displacement

Elevated Na+ can influence nutrient dynamics through cation exchange displacement.
Sodium can compete for exchange sites and displace nutrient cations such as K+, Ca2+,
and Mg2+, thereby increasing their mobility and potential leaching, even when changes
in bulk salinity, as reflected by EC, appear modest [60,61]. Although Ca2+ and K+ are
often preferentially retained on exchange complexes relative to Na+, sustained Na+ loading
and elevated Na+ activity in the root zone solution can shift exchange equilibria and
redistribute cations: effects that may be amplified in systems characterized by rapid solution
turnover [62,63]. These processes are especially relevant in pine bark-dominant media,
where oxygen-containing functional groups contribute appreciable exchange capacity and
the exchange complex may respond rapidly to repeated ionic inputs [64].
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4.3.2. Chloride as a Generally Conservative Tracer

Chloride is widely used as a generally conservative tracer because it is typically weakly
retained relative to many cations, making it a practical indicator of salinity loading and
transport through the root zone. In column and leaching studies, Cl− is therefore useful for
evaluating breakthrough behavior, cumulative export, and the degree to which irrigation
water salinity is transmitted through soils or soilless substrates [65]. However, Cl− is
not universally conservative. Net retention or release can occur depending on ecosystem
conditions and internal cycling, indicating that biological and site-specific factors may
influence chloride behavior [66–68]. Accordingly, Cl− should be interpreted as a generally
conservative tracer, the behavior of which must still be evaluated within the specific
production system and substrate context.

4.3.3. Alkalinity Effects on pH Drift and Micronutrient Availability

Irrigation water alkalinity can increase pH drift in pine bark-based substrates, partic-
ularly when carbonate buffering is limited, leading to a progressive increase in substrate
pH over time. For blueberries, which perform best under acidic conditions, this shift
can reduce the availability of key micronutrients, particularly Fe, Mn, and Zn, thereby
increasing the likelihood of nutrient limitation even when osmotic salinity stress is not
severe [69,70]. Because this pathway is mediated primarily through acid–base chemistry
and micronutrient solubility, alkalinity-driven pH effects are mechanistically distinct from
salinity effects captured by EC. Where alkalinity is elevated, acidification approaches that
neutralize bicarbonate or carbonate alkalinity have been reported to mitigate pH rise and
help maintain micronutrient availability in container or soilless media systems [71,72].

4.3.4. When EC Is Informative Versus Potentially Misleading

Electrical conductivity is a rapid screening tool for total dissolved salts and is useful
for tracking water-quality trends, but it cannot determine whether salinity is dominated by
Na–Cl versus Ca-, Mg-, or sulfate-associated salts, which have different implications for
cation exchange, nutrient balance, and plant response [73,74]. Moreover, the relationship
between EC and individual ion concentrations is not fixed because it depends on ionic
composition and temperature; therefore, EC should not be treated as a substitute for ion-
specific analysis [75,76]. Accordingly, EC is most informative when interpreted alongside
measurements of key ions, particularly Na and Cl in salt-sensitive blueberry systems, and
in conjunction with alkalinity and Ca supply, which can modulate exchange behavior and
influence pH stability in the root zone [74,77].

5. Biochar as a Root Zone Amendment in Blueberry Systems
5.1. Physical and Chemical Properties

Biochar is a carbon-rich material produced by pyrolysis of biomass under limited
oxygen and is increasingly being evaluated as a multifunctional amendment to improve soil
function, crop performance, and environmental resilience. Its pore structure, particle mor-
phology, and surface chemistry can influence soil water retention and solute transport, with
reported benefits including increased water-holding capacity, improved nutrient retention,
and reduced leaching losses under conditions where coarse texture and low organic matter
limit retention processes [78,79]. Across cropping systems, positive agronomic responses
have been attributed to changes in soil physical conditions and nutrient use efficiency,
including improved soybean productivity and structural improvements that support root
zone functioning [80]. Positive effects of spent-grain-derived biochar on hop growth and
cone production have also been reported under horticultural conditions, supporting the
broader view that biochar may improve plant performance in some systems, although
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outcomes remain crop- and context-dependent [81]. Enhanced plant growth has also been
reported in contaminated soils where sorption and immobilization processes may reduce
contaminant bioavailability [82].

Biochar’s effects on physical properties are frequently reported as increases in porosity
and decreases in bulk density, although the magnitude and direction of these changes
depend on feedstock, pyrolysis temperature, particle size distribution, soil texture, and
incorporation method [80,83]. Chemically, biochar can increase soil pH and reduce alu-
minum toxicity in acidic soils, reflecting its ash content, surface functional groups, and
liming potential [80,83]. In addition to nutrient-related functions, biochar can also act as a
sorbent for some organic pollutants, supporting applications in pollution control and soil
remediation [79,83].

5.2. Effects on Soil Fertility and Biological Activity

From an environmental perspective, biochar may contribute to carbon sequestration
and greenhouse gas mitigation because its carbon often includes relatively recalcitrant
aromatic structures that can persist in soil over extended periods [83,84]. Biochar can also
influence soil biological activity by altering habitat structure, including the formation of
protected microsites, as well as moisture dynamics and nutrient availability. Reported
effects range from enhanced microbial activity and diversity to neutral or variable outcomes
depending on biochar properties and site conditions [85,86].

Agronomic responses to biochar are not uniformly positive. Outcomes depend
strongly on feedstock type, pyrolysis conditions, particle size, aging, soil properties, cli-
mate, and management practices, leading to inconsistent performance across studies and
production contexts. To improve predictability, the ‘3R’ framework—right biochar source,
right application rate, and right placement—has been proposed as a practical decision-
making structure to align material properties and application methods with site needs [87].
Potential ecological risks should also be considered, including the introduction of con-
taminants and phytotoxic compounds in some materials, particularly under repeated or
long-term application scenarios [86]. Consequently, biochar benefits are best interpreted as
context-dependent and should be evaluated using site-specific performance metrics and
longer-term monitoring of soil and crop responses.

5.3. Application in Blueberry Production

Biochar has shown potential in blueberry production by modifying physical and
chemical conditions that regulate root function, nutrient availability, and yield, particularly
in acidic or low-organic-matter systems. Reported benefits include increases in cation
exchange capacity (CEC), improved retention of nutrient cations, and reduced leaching
losses, effects that may be especially relevant in coarse-textured soils and low-buffering
substrates used in many blueberry systems [88,89]. Biochar has also been associated with
improved soil aggregation and structure, which may support root development and plant
vigor [90]. Field evidence further suggests that biochar can increase blueberry biomass
and fruit yield relative to unamended controls, although responses vary with amendment
characteristics, baseline soil constraints, and local environmental conditions [91].

Biochar may also influence symbiotic interactions, including mycorrhizal colonization,
that affect nutrient uptake, although these responses can be moderated by pathogen pres-
sure and field variability [90]. From an implementation standpoint, localized placement,
such as banding or planting hole amendment, can reduce material requirements and appli-
cation costs relative to full-row incorporation, thereby improving feasibility for commercial
adoption [91]. At the same time, limitations and trade-offs have also been reported, includ-
ing reduced magnesium uptake, reflected in lower leaf Mg concentration in some cases, and
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limited suppression of root rot pathogens such as Phytophthora cinnamomi [90,91]. Overall,
evidence supports biochar as a promising amendment in blueberry systems, but optimal
outcomes require matching biochar chemistry and placement strategy to site constraints
and production goals, with additional field-based work needed to refine best practices and
minimize unintended nutrient- or disease-related effects.

5.4. Biochar Aging and Time-Dependent Changes in Surface Chemistry

Biochar properties are not static after incorporation into substrates; aging processes can
substantially alter surface chemistry and, in turn, sorption behavior over time. Oxidative
aging commonly increases the abundance of oxygen-containing functional groups, includ-
ing carboxyl and carbonyl moieties, thereby increasing pH-dependent negative charge and
enhancing cation exchange capacity and nutrient retention potential [92,93]. Aging can
also modify ancillary properties, including pH and apparent surface reactivity, through
interactions with minerals, dissolved organic matter, and microbial activity, with outcomes
dependent on the surrounding medium and exposure conditions [94,95]. This time de-
pendence is particularly important in systems where irrigation and leaching progressively
reshape root zone chemistry. As a result, a biochar that initially contributes alkalinity may
later exhibit stronger exchange and sorption behavior, implying that net effects on nutrient
retention and ion mobility can evolve over the growing period [92,93].

5.5. DOC Interactions and Potential Mobilization of Trace Constituents

Dissolved organic carbon (DOC) is an important control for the speciation, mobility,
and bioavailability of trace metals because dissolved organic ligands can form complexes
with metals and shift partitioning between solution and solid phases. In pine bark-based
substrates, DOC is already substantial, and biochar additions can further modify DOC con-
centrations and composition, thereby altering complexation behavior and metal mobility
in metal-specific ways [96,97]. For example, biochar-associated DOC has been reported
to decrease the mobility of some metals, such as Cu and Pb, through the formation of
stable metal–organic associations, while increasing the mobility of others, such as As,
under certain conditions [96,97]. These outcomes are strongly conditioned by pH and
ionic strength, which influence biochar surface charge, sorption equilibria, and compe-
tition among ions and ligands [98,99]. This issue is especially relevant under reclaimed
water irrigation because reclaimed sources may introduce trace elements and elevate ionic
strength, potentially shifting complexation–sorption balances relative to low-salinity water
sources [99,100]. Accordingly, biochar should be treated as a targeted substrate-design
variable, the benefits and risks of which must be evaluated in the specific water chemistry
and substrate context.

6. Combined Effects of Reclaimed Water and Biochar: Root Zone Drivers,
Solute Dynamics, and Management Trade-Offs
6.1. Dominant Drivers of Reclaimed Water Effects in Blueberry Root Zones

The combined effects of reclaimed water and biochar in southern highbush blueberry
systems are governed less by the simple presence of either input than by the interaction
among irrigation water chemistry, substrate buffering capacity, and crop sensitivity. In
blueberry production, the most influential reclaimed-water-related drivers are generally
salinity load, alkalinity, and the accumulation of Na+ and Cl−, because these factors directly
affect osmotic conditions, root zone pH, nutrient availability, and long-term substrate
suitability [1,2,13,14,101–103].

Across the reviewed studies, salinity, alkalinity, and Na+/Cl− accumulation emerge
as dominant first-order drivers of system response, whereas biological processes and trace-
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element mobility appear more context-specific and secondary in reclaimed water-irrigated
blueberry systems.

In contrast, nutrient inputs supplied by reclaimed water may be beneficial in some
situations, but these benefits are typically secondary to the need to maintain an acidic,
low-salinity root environment suitable for blueberry growth [1,2,101,102].

These interactions are especially important in coarse-textured soils and pine bark-
based substrates, where low buffering capacity and high leachability can amplify both
short-term fluctuations and cumulative chemical change. Under such conditions, the
response of the root zone depends on whether biochar improves water and solute retention
without excessively increasing substrate pH or electrical conductivity. Thus, the agronomic
outcome is determined not simply by whether reclaimed water or biochar is used, but
by whether their combined effects remain within the tolerance limits of this calcifuge
crop [13,14,91].

From a Soil–Plant–Environment perspective, reclaimed water acts primarily as an
external chemical driver, whereas biochar modifies the internal buffering environment by
altering sorption capacity, exchange behavior, porosity, and pH. From an Integrated Water
Resource Management perspective, this interaction reflects a broader trade-off: reclaimed
water can improve irrigation security and reduce freshwater demand, but its successful use
depends on managing root zone consequences that may otherwise compromise crop per-
formance or increase environmental risk [1,2,5,11,101]. The interaction hierarchy proposed
in this review is summarized conceptually in Figure 1.

Figure 1. A conceptual model of reclaimed water–biochar–root-zone interactions in southern high-
bush blueberry systems. Reclaimed water acts as an external chemical driver by introducing salinity,
alkalinity, and ion loading, particularly Na+, Cl−, and HCO3

−, while biochar modifies internal
root-zone conditions through effects on cation exchange capacity, dissolved organic carbon, pH,
and water retention. These inputs interact within the root zone through chemical, physical, and
biological processes that collectively determine whether system outcomes remain beneficial or shift
toward risk. Beneficial outcomes are expected when pH, electrical conductivity, and ion loading
remain within crop tolerance limits, whereas adverse outcomes arise when thresholds are exceeded,
leading to salt accumulation, nutrient imbalance, and root-zone degradation. Solid downward arrows
indicate direct effects of reclaimed water ion loading and biochar-mediated changes on root-zone
processes. Dashed arrows indicate conceptual linkages between IWRM/system-level considerations,
soil–plant–environment responses, and beneficial or risk outcomes. Curved arrows in the IWRM box
represent water reuse and resource cycling.
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6.2. When Biochar Mitigates Reclaimed Water Stress

Biochar can mitigate reclaimed-water-related stress by enhancing the retention of
water and selected nutrients while moderating solute mobility in the root zone. In low-
buffering systems, this may help reduce rapid nutrient loss, improve short-term moisture
stability, and increase the retention of certain cations through additional exchange and
sorption sites. Under these conditions, biochar may support more stable rhizosphere
conditions and reduce the severity of some nutrient imbalances associated with reclaimed
water irrigation [6,8,10,11,90,95,104,105].

Potential benefits may also extend to biological and rhizosphere processes. Biochar
may provide microsites that alter microbial activity, nutrient mineralization, and possibly
mycorrhizal interactions, with downstream effects on nutrient acquisition and plant stress
responses [8–10,90,106,107]. However, these responses are not sufficiently consistent to be
treated as universal benefits, especially in blueberry systems, where crop-specific evidence
remains limited [89,101,102].

Accordingly, biological effects should currently be viewed as potentially important
but secondary to the better-established chemical controls imposed by pH, salinity, and
ionic composition [108]. Under suitable material–system matching, biochar may therefore
function as a conditional buffering amendment rather than a universally beneficial input. Its
most plausible role in reclaimed-water-irrigated blueberry systems is to reduce vulnerability
to nutrient leaching and short-term root zone instability, provided that the amendment
itself does not introduce excessive alkalinity or salinity [6,8,11,90,91,95,105].

6.3. When Biochar May Worsen or Fail to Mitigate Reclaimed Water Effects

Biochar does not uniformly reduce reclaimed-water-related risks and may, in some
cases, worsen them. This is particularly important in blueberry systems, where substrate
pH and salinity must remain within a relatively narrow range. Many biochars contain
ash-derived alkalinity and soluble salts that can increase substrate pH and EC, potentially
shifting root zone conditions outside the optimal range for blueberry [91,95,105].

This trade-off helps explain why biochar responses vary widely across studies. Differ-
ences in feedstock source, pyrolysis temperature, particle size, aging behavior, application
rate, and baseline substrate properties can all alter the direction and magnitude of biochar
effects [6–8,92–95,105]. Likewise, reclaimed water quality is not uniform; its electrical
conductivity, sodium hazard, chloride concentration, alkalinity, and nutrient content can
differ substantially among sources and over time [1,2,42,48,51,56,59,101,102].

As a result, biochar is most likely to fail when its liming effect, ash content, or sol-
uble ion contribution adds to the same stress pathways already imposed by reclaimed
water [91,95,103,105].

These context-dependent outcomes indicate that biochar should not be evaluated
as a generic mitigation tool. Rather, its suitability depends on whether its sorptive and
physical benefits outweigh its tendency to alter pH and ionic strength under a given
irrigation chemistry and substrate condition. This balance is especially critical in acidophilic
crops such as the blueberry, where relatively modest increases in pH or salt load may
reduce nutrient availability, impair root function, and increase long-term management
difficulty [13,14,91,108].

6.4. Implications for Solute Leaching, Nutrient Retention, and Management

The interaction between reclaimed water and biochar has direct implications for solute
movement, nutrient retention, and off-site environmental losses. In principle, biochar
may reduce leaching of selected nutrients or contaminants by increasing cation exchange
capacity, providing additional sorption surfaces, and altering transport pathways. However,
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the magnitude and direction of these effects vary by constituent and depend on dissolved
organic carbon release, pH shifts, ionic strength, competitive sorption, and water chemistry.
This means that improved retention of one solute does not necessarily imply reduced
mobility of all constituents [96–99,104,109–113].

Although biochar has been widely studied for the immobilization of trace metals
and metalloids through adsorption, ion exchange, complexation, and precipitation-related
mechanisms, the direct relevance of these pathways to reclaimed-water-irrigated blueberry
systems is secondary to the more immediate challenges posed by salinity, alkalinity, and
nutrient imbalance [101,102,104,109–113].

For blueberry production systems, the most decision-relevant issue is therefore not
heavy-metal immobilization alone, but the broader balance among nutrient retention, salt
accumulation, and maintenance of a chemically suitable root zone. Where reclaimed water
increases Na+, Cl−, or alkalinity loading, management priorities should focus first on
preserving acidity, limiting cumulative salt buildup, and preventing nutrient imbalance.
Under such conditions, biochar may be useful only when selected and applied in ways that
do not aggravate pH elevation or EC increases [1,2,13,14,91,101–103].

From a management perspective, maintaining substrate pH within the generally
recommended blueberry range of approximately 4.5–5.5 and preventing sustained increases
in EC are essential for preserving root function and nutrient uptake under reclaimed water
irrigation [29–31,40,42,51,69,71].

Thus, in practical terms, the key question is not whether reclaimed water and biochar
can be used together, but under which combinations of water chemistry, amendment prop-
erties, and substrate conditions their co-application remains compatible with blueberry root
zone requirements. At the farm scale, these interactions support a management approach
based on source-specific water testing; amendment characterization; and periodic monitor-
ing of substrate pH, EC, and ion accumulation [1,2,14,101,102]. The trade-offs associated
with reclaimed water–biochar integration, including threshold-dependent beneficial versus
adverse outcomes, are summarized in Figure 2, whereas a practical decision framework for
evaluating and managing this co-application under production conditions is presented in
Figure 3.

Figure 2. The trade-offs of integrating reclaimed water and biochar in southern highbush blueberry
systems. The integration of reclaimed water and biochar may improve water supply reliability,
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nutrient retention, moisture stability, and resource-use efficiency, but it may also increase the risk of
salinity accumulation, alkalinity-driven pH increase, nutrient imbalance, and long-term decline in
root-zone suitability. The overall outcome is threshold-dependent and is governed by interacting
factors, including reclaimed water quality, biochar properties, substrate characteristics, exposure
duration, and management practices. This framework highlights that reclaimed water–biochar
co-application should be evaluated as a conditional management strategy rather than a universally
beneficial practice. The orange arrow indicates the management goal of guiding outcome evaluation
through the key determining factors. The green and red arrows represent the contributions of
potential benefits and potential risks, respectively, to that evaluation. The black curved arrows
emphasize the trade-off relationship between optimizing benefits and avoiding risks.

Figure 3. Decision framework for evaluating reclaimed water–biochar suitability in southern high-
bush blueberry systems. The framework outlines a stepwise approach for assessing whether re-
claimed water and biochar can be integrated without compromising blueberry root-zone conditions.
The evaluation begins with reclaimed water quality metrics, including salinity, Na+, Cl−, alkalinity,
dissolved organic carbon, sodium adsorption ratio, and nutrient content, followed by an assessment
of substrate condition and biochar properties. The framework then emphasizes integration with
ongoing monitoring of pH, electrical conductivity, ion accumulation, and nutrient balance. The final
outcomes depend on whether these factors remain within blueberry root-zone thresholds, leading to
suitable integration or necessitating corrective management or alternative strategies. Green arrows
indicate “Yes” pathways leading to continued evaluation or suitable integration, whereas red ar-
rows indicate “No” pathways requiring mitigation, corrective management, or alternative strategies.
Orange dashed arrows indicate feedback loops in which corrected conditions should be reassessed
before proceeding.

7. Economic and Practical Considerations for Adoption
Economic viability is a primary determinant of the adoption of sustainable agricul-

tural technologies, including biochar amendments, reclaimed water systems, and other
resource-efficient practices. Adoption decisions are shaped by cost–benefit relationships in
which up-front investment, operating costs, risk, and long-term returns must be weighed
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against environmental benefits and the costs of regulatory compliance. Accordingly, an
economic assessment is necessary to identify implementation pathways that reflect farm-
level constraints while clarifying how incentives, such as cost-sharing mechanisms, carbon
markets, or infrastructure investments, may accelerate adoption.

For biochar specifically, commercial viability depends on production efficiency, feed-
stock availability, transport distance, and application practices optimized for the target
crop and substrate. Feedstock choice can strongly influence production economics. For
example, longan husks have been reported to yield higher energy efficiency and shorter
payback periods than corncobs or rice husks under certain scenarios [114]. Integrated life
cycle assessment (LCA) and cost–benefit analysis (CBA) frameworks also highlight trade-
offs between production costs and the value of environmental co-benefits, particularly
when carbon abatement or carbon credit revenue is considered [115]. In horticultural con-
texts, biochar has been associated with productivity gains and potential economic benefits
when applied at rates aligned with agronomic response and cost constraints. In Mediter-
ranean cropping systems, radish, lettuce, tomato, and sweet pepper showed increased fresh
biomass when biochar was applied at an economically optimized rate of 1 kg m−2 [116].
Biochar has also been evaluated as a partial substitute for peat-based growing media, which
may reduce greenhouse gas emissions associated with peat extraction while maintaining
substrate function and, in some cases, improving economic competitiveness [117].

Despite these potential benefits, broader adoption remains constrained by high produc-
tion and transportation costs, inconsistent feedstock supply, and limited standardization
in biochar quality assurance, all of which can contribute to variable field outcomes [118].
In addition, the magnitude and persistence of economic benefits remain context depen-
dent, varying with soil or substrate properties, crop type, climate, and management.
Although many studies report improvements in soil function and crop performance, fur-
ther work is needed to refine application protocols, quantify multi-year outcomes, and
evaluate cumulative economic impacts under commercial production conditions [119].
Overall, the long-term economic sustainability of biochar in horticulture is closely tied
to its broader environmental value proposition, reinforcing the need for integrated as-
sessment approaches that jointly evaluate agronomic performance, economic returns, and
environmental outcomes.

7.1. Economic Synthesis

Economic constraints are a consistent and often decisive barrier to the adoption of
sustainable agricultural technologies, including biochar amendments, reclaimed water
(RW) irrigation, and other sustainability-oriented management practices. Across these
approaches, high up-front capital requirements are repeatedly identified as limiting factors.
Required investments may include pyrolysis equipment and supply chain development
for biochar, treatment and conveyance infrastructure for reclaimed water, and on-farm
upgrades needed to integrate new water- and substrate-management practices. These
costs can be prohibitive, particularly for small growers and beginners with limited access
to credit.

Even after adoption, operating and transaction costs may remain higher than those
associated with conventional alternatives. For biochar, these costs include feedstock pro-
curement, processing, transportation, and application logistics, as well as uncertainty
arising from variable product properties. For reclaimed water, treatment level, monitoring,
distribution, and compliance requirements can remain persistent cost differentials relative
to freshwater supplies. These economic realities are further complicated by externalities
and market structures that often fail to compensate growers for broader public benefits
such as water conservation, nutrient recycling, carbon sequestration, and reduced pollution
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risk. As a result, private incentives may continue to favor short-term conventional practices
even when sustainable alternatives provide substantial long-term public value.

The economic literature suggests that large-scale adoption depends on coordinated
policy and market interventions that address both structural barriers and incentive gaps.
Financial instruments, including targeted subsidies, cost-share programs, low-interest
credit, and payments for ecosystem services, may reduce transition risk and improve the
near-term feasibility of capital investments. Standardization and quality assurance are
particularly important for biochar, where inconsistent material properties and limited
certification frameworks increase uncertainty and transaction costs for producers and
end users. In parallel, integrated assessment approaches that incorporate life-cycle costs,
environmental externalities, and social benefits can strengthen the case for investment by
making the full value proposition more visible to policymakers, utilities, and producers.

Overall, the economic sustainability of reclaimed water and biochar depends on
enabling conditions that recognize and compensate environmental and social benefits while
also addressing the technical, social, and institutional constraints that amplify financial risk
and slow adoption across diverse agricultural systems.

7.2. Adoption Barriers in Sustainable Agriculture

The adoption of sustainable agricultural practices, including reclaimed water (RW)
irrigation, is constrained by the interaction of technical, economic, social, and institu-
tional barriers that collectively limit implementation at scale. Technical constraints often
include limited farmer knowledge and experience, which have been identified as key
determinants in decision-support analyses [120]. Infrastructure limitations represent an
additional and persistent barrier, particularly where storage, conveyance, and distribu-
tion capacity are insufficient to match reclaimed water supply with crop water-demand
patterns [121]. Perceived operational complexity can further suppress adoption when
growers view innovations as difficult to manage or incompatible with established rou-
tines and risk-management strategies [122]. Geographic constraints also shape feasibility;
long distances and challenging topography between wastewater treatment facilities and
agricultural areas increase conveyance costs and logistical complexity, as documented in
Mediterranean case studies such as Sicily [123].

Economic factors are frequently central to adoption decisions. High up-front cap-
ital requirements for distribution infrastructure and on-farm system modifications can
disproportionately affect smallholders and producers with limited access to credit [124]. Re-
claimed water systems exemplify this challenge, as reuse may require additional treatment,
delivery infrastructure, and monitoring and compliance activities that can increase operat-
ing costs relative to conventional water sources [125,126]. Market volatility and insufficient
financial incentives can further reduce willingness to adopt sustainable practices, and
cost-recovery policies that shift expenses to growers without compensatory mechanisms
may erode profitability and discourage participation [125,127].

Social acceptance also influences adoption outcomes. Negative perceptions, partic-
ularly regarding the safety and quality of reclaimed water, can deter both producers and
consumers, with concerns often centered on contamination pathways and perceived health
risks [50,52]. Farmer attitudes and limited awareness of longer-term sustainability ben-
efits can reinforce resistance to change, especially when benefits are delayed, uncertain,
or difficult to quantify at the farm scale [124,128]. Cultural preferences for conventional
production systems may further contribute to reluctance to adopt unfamiliar practices [129].
These factors highlight the importance of risk communication, stakeholder engagement,
and outreach that clearly explain treatment processes and safety protocols in locally relevant
terms [52,125].

https://doi.org/10.3390/w18101141

https://doi.org/10.3390/w18101141


Water 2026, 18, 1141 18 of 25

Institutional and policy constraints further shape adoption by determining access to in-
formation, financing mechanisms, and enabling infrastructure. Inadequate policy support,
limited extension capacity, and restricted access to essential resources such as land and wa-
ter can reduce farmers’ ability to implement sustainable practices [127,130,131]. Regulatory
challenges may arise where reclaimed water standards, particularly microbiological criteria
and the monitoring and compliance requirements needed to demonstrate performance,
are difficult to meet under local governance and infrastructure conditions [123]. In addi-
tion, limited political commitment and underinvestment can delay large-scale deployment
despite growing environmental pressures that increasingly motivate reuse [125].

Overcoming these barriers will require coordinated, multi-stakeholder approaches
that integrate education, financial support, and enabling policy design. Targeted training
programs can build technical capacity, address knowledge gaps, and reduce perceived
complexity [120,130]. Financial mechanisms such as subsidies, cost-sharing programs, and
low-interest credit can offset transition costs and improve feasibility for growers [127].
Policy frameworks that embed sustainability goals within agricultural planning, supported
by sustained political commitment, are also critical for establishing long-term enabling
conditions [130,131]. Finally, community-based approaches and farmer cooperative net-
works can support cultural acceptance and peer-to-peer learning by strengthening trust
and accelerating the diffusion of innovations [127]. Collectively, these interventions can re-
duce adoption barriers and support the broader implementation of sustainable agriculture,
including the safe and effective integration of reclaimed water through coordinated engage-
ment among policymakers, researchers, extension agents, and agricultural communities.

8. Knowledge Gaps and Future Research Needs
Although research on reclaimed water and biochar as individual management tools

has expanded, relatively few studies have evaluated their combined effects in southern
highbush blueberry systems in Florida, particularly in pine bark–sand substrates commonly
used in commercial production. Much of the existing literature focuses on conventional
mineral soils or on single-factor treatments, limiting their direct transferability to specialty
crop systems, where substrate composition, irrigation-water chemistry, and fertilization
practices interact strongly.

Important gaps remain in determining whether biochar-mediated benefits persist
under reclaimed water irrigation across multiple seasons and in Florida-relevant production
contexts, including amended beds, containerized systems, and high-density plantings.
Additional uncertainty concerns how biochar type and application rate interact with
reclaimed water ionic composition, especially Na+, Cl−, and overall electrical conductivity,
with respect to cation retention, salinity buffering, dissolved organic carbon dynamics, and
nutrient and trace-constituent leaching behavior in sandy and organic-based substrates.

Further research is also needed to clarify how reclaimed water and biochar jointly
influence root zone pH regulation, nutrient availability, salt accumulation patterns, and
the temporal stability of sorption processes under repeated irrigation. Because biochar
properties change with aging, oxidation, and interaction with dissolved constituents, short-
term studies may not adequately capture the evolution of substrate chemical behavior
over time. This limitation is particularly relevant in blueberry production systems, where
relatively small shifts in root zone chemistry can have disproportionate effects on nutrient
uptake, plant stress, and yield.

Beyond technical uncertainties, adoption may also be constrained by regulatory and
practical considerations. These include uncertainty in growers regarding reclaimed water
allowances for specific crops and irrigation configurations; variability in water-quality
monitoring requirements and implementation capacity across regions; and limited grower-

https://doi.org/10.3390/w18101141

https://doi.org/10.3390/w18101141


Water 2026, 18, 1141 19 of 25

oriented guidance on biochar sourcing, quality assurance, application methods, and cost-
effectiveness. Addressing these interconnected gaps will be essential to developing region-
ally tailored, operationally realistic strategies for integrating reclaimed water and biochar
into Florida blueberry production systems.

9. Conclusions
This review synthesizes the agronomic, environmental, and management factors shap-

ing the sustainability of southern highbush blueberry production in Florida, with particular
emphasis on the integration of reclaimed water irrigation and biochar amendment in pine
bark–sand substrates used in amended-bed and containerized systems. Due to the calcifuge
nature of blueberry, crop performance is highly sensitive to salinity, pH shifts, nutrient
imbalances, and fluctuations in root zone moisture, making irrigation water quality and
substrate buffering capacity central determinants of production success.

The available literature indicates that reclaimed water can improve water supply relia-
bility and contribute supplemental nutrients; however, these benefits are often constrained
by increased salinity, alkalinity, and Na+/Cl− loading, which can progressively alter root
zone chemistry when inputs exceed leaching or plant uptake capacity. Biochar amendments
may enhance water retention, increase cation exchange capacity, and improve nutrient
retention under certain conditions. Nevertheless, biochar effects are highly variable and
dependent on feedstock, production conditions, application rate, and substrate characteris-
tics, with particular concern for unintended increases in pH and electrical conductivity in
acid-sensitive blueberry systems.

Overall, the combined use of reclaimed water and biochar should be viewed as a con-
ditional management strategy rather than a universally beneficial practice. The literature
suggests that system outcomes are governed primarily by the interaction between irriga-
tion water chemistry (salinity, alkalinity, and ionic composition) and substrate buffering
properties, with biochar acting as a modifier, the effects of which may either mitigate or
exacerbate these stress pathways. In this context, the dominant challenge in blueberry pro-
duction is not simply improving nutrient retention or water use efficiency but maintaining
a chemically suitable root zone environment over time.

A key limitation across the current body of research is the scarcity of long-term, multi-
season studies evaluating cumulative salt loading, biochar aging, and evolving substrate
chemistry under reclaimed water irrigation. In addition, inconsistencies among studies
highlight the need for more standardized evaluation of water quality, biochar properties,
and substrate systems to enable meaningful comparison and synthesis.

Future research should therefore prioritize long-term and field-scale evaluations of
reclaimed water and biochar interactions in blueberry systems; mechanistic studies linking
ion transport, substrate buffering, and plant physiological response; the development
of threshold-based guidelines for salinity, alkalinity, and pH management in substrate
systems; and the assessment of practical management strategies, including water blending,
amendment selection, and monitoring approaches, under real production conditions.

These conclusions should be interpreted as context-dependent because reclaimed
water composition, substrate buffering capacity, biochar properties, and exposure duration
can vary substantially across production systems. In Florida and similar production
systems, successfully integrating reclaimed water and biochar will depend on aligning
water quality, amendment properties, and substrate behavior within a framework that
balances resource use efficiency with crop productivity and environmental protection.
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