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Abstract. In the coastal plains of Georgia, soils are sandy with low pH, low cation ex-
change capacity (CEC), and a high rate of K leaching. To manage crop nutrition effec-
tively and preserve soil physicochemical properties, it is essential to adjust fertilizer
applications to the physiological demands of the plants. This research project aimed to de-
termine the relationship between K in the soil and leaves and its impact on yield of rabbi-
teye blueberry (Vaccinium virgatum Aiton) and southern highbush blueberry (a complex
hybrid based largely on Vaccinium corymbosum L. and Vaccinium darrowii Camp.). Soil
and leaf samples were collected on four commercial farms, including 384 soil samples and
252 leaf samples from Apr to Nov 2022 and 2023. Our results indicated no correlation be-
tween soil and leaf K concentrations. Still, soil K was positively correlated with P and Mn
in the soil, and leaf K was positively correlated with P, Mn, S, and Na in the leaves. The
highest-yielding farm did not have higher soil K concentrations than the other farms, but
it did have plants with the highest level of K in the leaves. The results of this study show
that soil K alone may not reliably indicate plant K or yield in blueberries. Leaf nutrient

analysis is critical for effective nutrient management and better crop production.

Blueberry (Vaccinium sp.) production
worldwide increased by 27% between 2020
and 2022. In 2023, the main blueberry-
producing states in the southeast were Georgia
(46,040 tons) and North Carolina (25,265 tons)
(Brazelton 2023). Potassium is crucial in blue-
berry production, influencing various physio-
logical processes essential for plant health and
fruit quality. One percent to 10% of plant dry
matter is composed of potassium. The role of
potassium is to maintain electric potential
gradients, activate enzymes, protein synthe-
sis, regulate osmotic potential, and stress ad-
aptation (Britto et al. 2021; Buchanan et al.
2015; Chérel et al. 2014; Epstein and Bloom
2004; Marschner 2011). Potassium also helps
to maintain leaf relative water content and
stomatal conductance, which are key factors
for freeze tolerance, gas exchange, and evap-
orative cooling (Hasanuzzaman et al. 2018;
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Lotfi et al. 2022; Wang et al. 2013). Plants
absorb K* from soil solution through K
channels located in the plasma membranes of
cortical and epidermal root cells (Britto and
Kronzucker 2008). Potassium delivery to the
root surface is facilitated by transpiration-
driven mass flow and local diffusion through
the rhizosphere (Tinker and Nye 2000). In
blueberries, available K* in the soil is one of
the main factors determining the composition
of microbial communities, shaping soil fungal
composition, and promoting beneficial micro-
bial associations in the roots, while the pres-
ence of mycorrhizal fungi can increase K
uptake and its content in tissues (Che et al.
2022; Song et al. 2024; Tan et al. 2023).

Soil K concentration impacts plant root
uptake of other nutrients. In barley (Hordeum
vulgare L.), low soil K levels can increase
NH, " uptake, whereas high concentrations
reduce NH, " influx (Szczerba et al. 2008). In
rice (Oryza sativa L.), the inhibitory effect
between these two cations depends on the nu-
tritional status of the plant. At high N and
low plant K levels, the incorporation of K*
in the media solution inhibited NH,* uptake.
However, at high K and low N, K™ uptake
increased in proportion to the concentration

of NH4" in the media (Wang et al. 1996).
When soil K levels are high in sugarcane
(Saccharum officinarum), K+ absorption can
reduce the uptake of Ca*" and Mg®* (Rho-
des et al. 2018). In wheat (Triticum aesti-
vum), the accumulation of Na™ in the soil
solution can lead to a decrease in K* uptake,
most probably by direct cation competition at
absorption sites in the roots (Rubio et al. 1995).
These intricate relationships could play a spe-
cial role in cases in which N and K fertilizers
are applied together, especially in the species
that prefer the NH,* form of N, like blue-
berries (Retamales and Hancock 2018).
Adequate leaf K levels in blueberry leaves
range between 0.35% and 0.65% in southern
highbush and between 0.30% and 0.60% in
rabbiteye (RE) blueberries (Krewer and Ne-
Smith 1999). According to Banados et al.
(2006), 25% to 32% of K accumulates in the
crown and roots of all types of blueberries.
Fruit K content rises sharply as fruit matures,
averaging ~60 mg per berry at the ripened
stage (Hart et al. 2006). The soils are sandy
or sandy loam in the coastal plains of Geor-
gia, where some blueberry species evolved
(Vaccinium myrsinites and Vaccinium hirsu-
tum) (Coleman 2017; Coville 1927; Krewer
and NeSmith 2006). Potassium availability for
plants is low in sandy soils, and the major pro-
portion of the K is trapped in non-exchange-
able sites (feldspar and micas). Furthermore,
K" solubilized from exchangeable sites or that
is supplied by fertilization is rapidly leached,
especially in sandy soils with low organic mat-
ter (Rosolem and Steiner 2017; Sparks 1980).
Northern highbush blueberries (NHB) (V. cor-
ymbosum L.) with K deficiency can be identi-
fied by dieback of the shoot tips and marginal
scorching, cupping, curling, and necrosis in the
leaves (Hanson 2016). In the leaves of northern
and southern highbush blueberries (SHB), K
deficiency can lead to an increase in the accu-
mulation of Ca, whereas an excess of K de-
creases leaf Ca (Strik et al. 2019; Takahashi
et al. 2021). It has been reported that Ca accu-
mulation acts as a secondary messenger in re-
sponse to K deficiency (Hafsi et al. 2014).
There are mixed reports on how soil K can im-
pact blueberry yield (Retamales and Hancock
2018; Strik et al. 2019). Leon-Chang et al.
(2022) found no improvement in yield or
fruit quality from K fertilization in NHB. In
lowbush blueberry (Vaccinium angustifolium
Aiton), applications of more than 30 kg-ha !
K reduced yield when combined with high
N doses of more than 60 kg-ha™' N (Lafond
2020). The University of Georgia (UGA)
established the K sufficiency levels for pro-
ducing blueberries in the Georgia Coastal
Plains soils between 80 and 135 kgha
(35-60 mg-kg™") (Kissel and Plank 2011).
In Georgia, there is a lack of information on
potassium fertilization in blueberry production
systems, and how K accumulates in the soil and
leaf tissue. Furthermore, the established fertiliza-
tion guidelines used by the blueberry industry in
Georgia were developed more than a decade
ago for blueberry cultivars that are no longer
planted. The blueberry production area has in-
creased in recent years, and new cultivars are
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being planted. Therefore, research on how K
chemical fertilization affects the productivity of
these new cultivars is key to the economic sus-
tainability of the blueberry industry in Georgia
and the southeast.

The objective of this study was to evalu-
ate the impact of various fertilization practi-
ces on K and other nutrients in the soil and
leaves at commercial farms of RE and SHB
blueberry in Georgia, USA. Elucidating K ac-
cumulation during the production season will
help update fertilization rates to more accu-
rately meet crop needs and avoid possible
overfertilization.

Materials and Methods

Location and experimental design. Experi-
mental plots were established at four com-
mercial blueberry farms located in South
Georgia. The farms were selected because of
their location in the most productive areas in
the State of Georgia (Stubbs 2024). Farm 1
was in Brantley County (lat. 31°11'N, long.
82°01'W) and was planted with the RE
‘Premier’ in 2009 (RE-P). Farm 2 was lo-
cated in Bacon County (lat. 31°32'N, long.
82°30'W) and was planted with ‘Vernon’ RE
in 2013 (RE-V). Farm 3, located in Bacon
County, was planted with ‘Farthing’ SHB in
2018 (SHB-F-Ba). Farm 4 was in Brantley
County (lat. 31°06'N, long. 82°09'W) and
planted with ‘Farthing” SHB in 2014 (SHB-
F-Br). A detailed description of the character-
istics of each farm, such as plant density, irri-
gation periodicity, harvesting period, rate and

fertilizer practices applied during the first
year and the production years, and the re-
ported yield are shown in Table 1. Web Soil
Survey indicates that Bacon County—farms
2 and 3—have loamy sand soil, farm 1 has
loamy fine sand soil, and farm 4 has fine sand
soil (NRCS 2023).

Each experimental plot consisted of three
blocks of 10 plants, the blocks were located
in the middle of the production area, avoiding
edges, and the terrain did not present a gradi-
ent. Recently, fully expanded leaves were
collected from five of the most vigorous
plants in each block every month from Apr to
Nov 2022, every 2 weeks from Apr to Aug
2023, and once per month from Sep to Nov
2023. In total, 252 leaf samples were col-
lected over the 2 years from all the plots. Soil
samples were also collected monthly from
each block and divided into two depths (0-10
and 10-20 cm). In total, 384 soil samples
were collected over the 2 years from all the
plots. All samples were sent to the UGA Soil
and Water Laboratory (Athens, GA, USA)
for analysis.

Plant tissue analysis. The leaf samples
were oven-dried at 65 °C for ~24 h, ground,
sifted through a 20-mesh screen, and digested
using Environmental Protection Agency (EPA)
Method 3052 (USEPA 1996). This method
involved weighing 0.5 g of each sample
and adding 10 mL of concentrated HNO; to
a fluorocarbon polymer microwave vessel.
The vessels were then sealed and placed in
a microwave digester at a temperature of
200 °C for 30 min. The resulting digest was

transferred to volumetric flasks and made
up to a volume of 100 mL using deionized
water. The solutions were then analyzed for
various elements using EPA Method 200.8
using an inductively coupled plasma-optical
emission spectroscopy (ICP-OES) instrument
(Spectro Arcos FHS16, Kleve, Germany).
Calibration standards were ensured, and in-
dependent laboratory performance checks
were run with acceptable deviations for re-
coveries set at 100% + 5%.

Soil analysis. Soil samples were analyzed
for pH, P, K, Ca, Mg, and Mn. Nutrients like
Ca, Mg, and Mn were chosen due to previ-
ously reported correlation with soil K in blue-
berry production (Leon-Chang et al. 2022;
Strik et al. 2019). The soil samples were ex-
tracted using the Mehlich (1978) method.
The samples were oven-dried at 40°C,
ground, and sieved through a 2-mm screen.
Approximately 5 g of soil was weighed,
and 20 mL of Mehlich I (0.025N H,SO, +
0.05N HCI) extracting solution was added.
Each sample was then placed on a high-
speed shaker (250 oscillations/min) for 5 min,
filtered through Whatman #1 paper, and ana-
lyzed for nutrients using ICP-OES (Spectro
Arcos FHS16).

Statistical analysis. Leaf and soil nutrient
data were analyzed using JMP v. 16 software
(SAS Institute Inc., Cary, NC, USA). Partition-
predicting modeling and multivariate correla-
tion tools were used from JMP to establish
correlations between nutrients during the pro-
ductive season. Each sampling date had a cor-
responding result for leaf and soil nutrients

Table 1. Farm location, blueberry type, cultivar, year of establishment, plant spacing, irrigation management, harvesting period, reported yield, and fertili-
zation management during the first year and the following production years' for the commercial farms sampled in Georgia, USA: Farm 1 ‘Premier’
(RE-P), Farm 2 “Vernon’ (RE-V), Farm 3 ‘Farthing’ (SHB-F-B), and Farm 4 (SHB-F-Br).

Description Farm 1 (RE-P) Farm 2 (RE-V) Farm 3 (SHB-F-B) Farm 4 (SHB-F-Br)
Location Brantley County Bacon County Bacon County Brantley County
Blueberry type Rabbiteye Rabbiteye Southern highbush Southern highbush
Cultivar Premier Vernon Farthing Farthing

Established 2009 2013 2018 2014

Plant spacing (Between rows X
Within plants)

3.7 x 091 m (3003 plants/ha)

34 x 122 m (2447 plants/ha)

Drip irrigated 30 min, four
times per day.

Irrigation Drip irrigated at 40% to
50% of management
allowable depletion.

Harvest Third week of June to

second week of July.

The last week of May to the
second week of June.

34 x 0.76 m (3928 plants/ha)

Drip irrigated for 30 min,
four times per day.

First and the second week
of May.

Fertilization
(Year 1)

Fertilization
(Production)

Yield

Granular fertilizer
(10N—10P-10K); three
applications per year:
March, June, and August,
at a rate of 33.6 kg-ha !
each and a total of 10.1
kg-ha™' K,0.

Granular fertilizer

(10N-10P-10K); three
applications, spring
(during blooming), mid-
August, fall (after
harvest), at a rate of 336
kg-ha~!' each and a total
of 100.8 kgha~!' K,0
per year.

3923 kgha !

Slow-release fertilizer
(13N-6P-6K); five
applications per year:
March, April, May, June,
and July, at a rate of 8.4
kgha™" each and a total
of 12.6 kg-ha™! K,0.

Slow-release fertilizer

(13N-6P-6K); two
applications (March and
June) applied in a 0.9-m-
wide band across the bed
at a rate of 336 kg-ha '
each and a total of

40.3 kgha~! K50 per
year.

8967 kg-ha ™!

Slow-release fertilizer

3.7 x 091 m (3003 plants/ha)

Drip irrigated at 40% to
50% of management
allowable depletion.

Late May to the second
week of June.

Fertigation (10N-5P-5K);

(13N-6P-6K); five
applications per year:
March, April, May, June,
and July, at a rate of 11.2
kg'ha~ " each and a total
of 16.8 kg-ha™! K,0.

Slow-release fertilizer

(13N-6P-6K); two
applications (March and
June) applied in a 0.9-m-
wide band across the bed
at a rate of 505 kg-ha !
each and a total of

60.6 kg'ha ' K,0 per year.

9527 kg-ha !

33.6 kgha ™! per week
(March to mid-June) and
a total of 23.5 kg-ha ™!
Kzo.

Granular fertilizer

(10N—-10P-10K) twice
per year (1 March and
mid-June) at a rate of
168 kg-ha™' each and a
total of 33.6 kg-ha ™'
K50 per year. Fertigation
(6N—-6P—12K); 56 kg-ha ™!
per week (March to mid-
June) and a total of 94.1
kg-hefl K50 per year.
13,450 kg-ha '

' At each farm, the plants were mechanically pruned after harvest every year.
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used as an individual data point to develop
the correlations. The Shapiro-Wilk test was
run to evaluate the data’s goodness of fit into
a normal distribution. Data showed a Shapiro-
Wilk level of significance below 0.05 and
therefore was considered non-normally dis-
tributed. Thus, nonparametric comparisons for
each pair were used to compare multiple
means using the Wilcoxon method (P < 0.05).

Results and Discussion

Leaf and soil K levels during the produc-
tion season. In RE blueberry, the concentra-
tion of K in leaves sampled 2 weeks after
harvest was above the minimum recom-
mended level at farm RE-P (Fig. 1), but it
was lower at the RE-V farm (Fig. 2). In SHB,
the harvest season lasted until the second
week of May in farm SHB-F-B and the sec-
ond week of June in farm SHB-F-Br. In both
cases, leaf samples taken after harvest had K
concentrations above the minimum recom-
mended level (Figs. 3 and 4). For blueberries,
the UGA recommends taking leaf samples the
first two weeks after the end of harvest. Typi-
cally, this is when the plants have lower con-
centrations of nutrients, and nutrient levels are
more stable, allowing for a comparison of
these results with their nutrient sufficiency
levels (Hart et al. 2006; Kissel and Sonon
2018).

In both years of study, soil K levels de-
clined in June and September at each farm
(Figs. 1-4). Soil K increased in July after fer-
tilization but fell in September. The reduc-
tions in June and September may have been
the result of additional plant uptake and an
increase in leaf K concentrations in Octo-
ber. It has been reported that SHB blueber-
ries have peaks of new root production

during July, August, and September, which
can also explain increased uptake and de-
creased soil K levels (Steyn et al. 2024). Leaf
K concentrations declined during spring and
summer before increasing in October. Chun-
tanaparb and Cummings (1980) observed a
similar trend in ‘Jersey’ NHB, and Strik and
Vance (2015) observed an increase in leaf K
at the end of September in several NHB
cultivars. Furthermore, there is limited re-
cent literature on potassium accumulation
in blueberry leaves as the plants transition
into dormancy during the fall.

Relationship between leaf and soil K and
Sfruit yield. In both 2022 and 2023, average
soil K levels were highest at farm 3 (SHB-F-B),
as shown in Fig. 5A and B, even though this
farm received the second lowest dose of K fer-
tilizer, according to Table 1. In contrast, leaf po-
tassium levels at farm 3 (SHB-F-B) were lower
than those at the SHB farm in Brantley County
(SHB-F-Br). However, the leaf potassium levels
from the SHB-F-B farm were not significantly
different compared with the two RE farms, in-
cluding farm RE-P, which applied the highest
dose of potassium fertilizer (Fig. 5C and D,
Table 1). Consequently, there was no direct link
between the quantity of fertilizer used and the
concentrations of K in the soil and leaves. High
rates of granular fertilizer applied at the RE-P
farm in Brantley County did not result in higher
K levels in the leaves but rather resulted in a
higher accumulation of K™ in the top layer of
the soil (Fig. 6A and B). The other farms had a
similar K™ concentration in the two soil depths
sampled (0-10 and 1020 cm) (Fig. 6C-H).
Accumulation of K™ in surface soil layers
increases the risk of losing fertilizer during
rain events due to runoff and leaching, espe-
cially in sandy soils (Rosolem and Steiner

2017; Sparks 1980). In agricultural systems
with high inputs of fertilizer, high K™ leach-
ing is linked to greater leaching of NO3-N,
which increases the risk of water eutrophica-
tion (Brye and Norman 2004; Hubbard et al.
2004). In contrast, the RE-V farm in Bacon
County received the lowest rate of K (Table 1)
and was the only farm that experienced a sig-
nificant decline in leaf K in the two years of
the study (Fig. 5C and D) and had a leaf K
below the minimum recommended level on
the samples that were taken after harvest in
July (Fig. 2). In addition, soil K concentration
declined between the 2 years at this farm
(Fig. SA and B). The RE-V farm used
slow-release fertilizer with a lower dose of
K (13N-6P-6K) and only applied it twice
per year, meanwhile, RE-P used regular fer-
tilizer with a higher concentration of K
(10N-10P-10K) and applied it three times
per year (Table 1). Thus, RE-V plants re-
ceived less fertilizer and did not have enough
nutrients to accumulate in the leaf tissue.

Regardless of the rate, all farms that ap-
plied fertilizer in granular form had signifi-
cantly less soil K in 2023 than in 2022. In
SHB-F-Br, which was the only farm that
used fertigation, the plants had high K concen-
trations in both soil and leaves (Fig. SA-D).
This suggests that the fertilization method is as
important as the amount of fertilizer that is ap-
plied and corroborates that K fertigation is the
best method to increase K in plants and fruit
(Bryla and Orr 2017; Leon-Chang et al. 2022).
Fertigation increases fertilizer use efficiency in
mature plants because nutrient application can
coincide with root growth and uptake.

The yield was unaffected by low K in
leaves. Farm 1 (RE-P) had the lowest yield,
even when leaf K and all the other leaf
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Fig. 1. Leaf and soil K concentrations from Apr to Nov 2022 and 2023 in rabbiteye blueberry commercial fields of ‘Premier’ (RE-P) farm located in Brantley
County, GA, USA. Bars show the mean of three replicates, and error bars indicate the standard deviation. The red lines represent the minimum leaf K
level (3500 mg-kg ") recommended for blueberries in Georgia by Plank and Kissel (2024a, 2024b). Yellow lines indicate the date, 2 weeks after the end
of harvest, which was used to compare with the sufficiency levels.
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Fig. 2. Leaf and soil K concentrations from Apr to Nov 2022 and 2023 in rabbiteye blueberry commercial fields of ‘Vernon’ (RE-V) farm located in Bacon
County, GA, USA. Bars show the mean of three replicates, and error bars indicate the standard deviation. The red lines represent the minimum leaf K
level (3500 mg-kg ') recommended for blueberries in Georgia by Plank and Kissel (2024a, 2024b). Yellow lines indicate the date, 2 weeks after the end
of harvest, which was used to compare with the sufficiency levels.

nutrient concentrations were above the mini-
mum recommended range (Table 2). In con-
trast, the RE-V field had higher yields and
lower leaf K concentrations in 2023 and all
the other leaf nutrient concentrations were
above the minimum levels (Tables 1 and 2).
Both farms planted with RE had yields within
the expected range for their cultivars, despite
differing yields (Brazelton 2023). ‘Farthing’
SHB sampled in farms 3 and 4, presented
leaf K levels in the sufficiency range and P

deficiency in leaf tissue, however, the two
farms differed in yield per hectare. Farm 4
(SHB-F-Br), located in Brantley County, had
the highest yield and the highest concentra-
tion of K in the leaves during both years of
the study. In 2023, the leaf K in SHB-F-Br
was above the recommended level, which
could be a symptom of excessive fertilization.
Farm 3, located in Bacon County (SHB-F-B),
presented a deficiency in leaf N, which might
contribute to its lower yields (Tables 1 and 2).

However, both farms are within the expected
yield range per hectare for ‘Farthing’ (Brazel-
ton 2023). The other reason for the differences
in yield could be the age of the planting, the
SHB-F-B farm is 4 years younger than the
SHB-F-Br farm.

Fruit is an important sink for K (Hart
et al. 2006). Thus, an increase in K levels
might increase fruit yield. Nevertheless, K
fertilization has varying effects on fruit yield
in blueberries. Zhang et al. (2023) reported
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Fig. 3. Leaf and soil K concentrations from Apr to Nov 2022 and 2023 in southern highbush blueberry commercial fields of ‘Farthing’ (SHB-P-B) located in
Bacon County, GA, USA. Bars show the mean of three replicates, and error bars indicate the standard deviation. The red lines represent the minimum
leaf K level (3500 mg-kg ') recommended for blueberries in Georgia by Plank and Kissel (2024a, 2024b). Yellow lines indicate the date, 2 weeks after
the end of harvest, which was used to compare with the sufficiency levels.
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Fig. 4. Leaf and soil K concentrations from Apr to Nov 2022 and 2023 in southern highbush blueberry commercial fields of ‘Farthing’ (SHB-P-Br) located
in Brantley County, GA, USA. Bars show the mean of three replicates, and error bars indicate the standard deviation. The red lines represent the mini-
mum leaf K level (3500 mg-kg ') recommended for blueberries in Georgia by Plank and Kissel (2024a, 2024b). Yellow lines indicate the date, 2 weeks
after the end of harvest, which was used to compare with the sufficiency levels.

that K fertilization was the main factor in in-
creasing yield and fruit quality in ‘Bright-
well” RE blueberry. The rate tested in that
study (~111 kg-ha™' K) was higher than
what was applied to all the farms. Eck
(1983) found that on sandy soil in New Jer-
sey, 20 to 40 kg-ha™' K increased yield in a
10-year-old NHB field but a higher rate of 80
kg'ha™' K did not increase yield. On the con-
trary, Lafond (2020) reported that a dose >30
kgha™' K combined with a >60 kgha™' N
reduced yield. Strik et al. (2019) found that an
increase in leaf K did not result in a higher
yield when organic fertilizers were used in
NHB blueberries. When the leaf K was
0.69% and 0.58% for ‘Duke’ and ‘Liberty’,

respectively, it decreased yield, even when
the upper limit for sufficiency level was
0.70% (Strik and Davis 2023). Other stud-
ies found no effect of K fertilization on
yield or fruit quality in blueberries (Bryla
and Orr 2017; Stepien et al. 2014). The dif-
ferences between fertilization rates, soil
concentration, leaf concentration, and yield
suggest that fertilization practices need to
be customized to each specific location to en-
sure the economic and environmental sustain-
ability of blueberry production. Thus, current
fertilization guidelines need to be updated.
Correlations between K and other nu-
trients in the soil and leaves. Soil K data were
not significantly correlated with leaf K or any

other leaf nutrients, nor was leaf K signifi-
cantly correlated with soil nutrients (data not
shown). Soil K showed positive correlations
with many other soil nutrients such as P, Mg,
Mn, and Ca (Table 3). Similarly, leaf K pre-
sented correlations with many leaf nutrients
like P, AL, B, Cu, Mg, Mn, Na, S, and Zn
(Table 4). Nevertheless, since the correla-
tions between nutrients were not always
present in all the farms, we chose to analyze
the correlations that maintained similar trends
and significance among at least three farms.
Under this scenario, soil K showed positive
correlations with soil P and Mn, meanwhile,
leaf K had positive correlations with leaf P,
Mn, S, and Na (Tables 3 and 4). The RE-V

Year
2022 2023
1501 A Aa B
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E’ 100 BR Ba
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& 50 Ca Db
0 ==
10000 D Aa
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% 4000
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Fig. 5. Yearly mean of soil K (A, B) and leaf K (C, D) concentrations in commercial fields of ‘Premier’ (RE-P) and ‘Vernon’ (RE-V) rabbiteye blueberry
and ‘Farthing’ southern highbush blueberry at farms located in Bacon (SHB-F-B) and Brantley Counties (SHB-F-Br), GA, USA. Different uppercase let-
ters within a year represent a significant difference between the fields, while different lowercase letters represent a significance between years within each
field (P < 0.05) (Wilcoxon test).
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Fig. 6. Yearly mean of soil K concentrations at depths of 0 to 10 and 10 to 20 cm in commercial fields of ‘Premier’ (RE-P) (A, B) and “Vernon’ (RE-V) (C, D)
rabbiteye blueberry, ‘Farthing’ southern highbush blueberry farms located in Bacon (SHB-F-B) (E, F) and Brantley (SHB-F-Br) (G, H) Counties, GA, USA.

Means were separated at each farm at P < 0.05

farm did not show a positive correlation be-
tween leaf K and S nor with leaf Na. This
farm was the farm with the lowest fertiliza-
tion rate and the lowest K soil concentration.
The RE-V also had higher soil pH (a median
of 5.0 in 2022 and 5.5 in 2023) when com-
pared with the other farms (4.5 and 4.0) (data
not shown). Furthermore, the Ca and Mg leaf
concentrations from RE-V were above the
sufficiency levels in 2023 (Table 2), even
though Ca and Mg soil levels were similar to
the other farms (data not shown). SHB blue-
berries cultivated under slightly alkaline soils
(7.5) accumulate more Ca in the roots (Tamir
et al. 2023). In the same manner, the SHB
‘Emerald’ fertigated with a high-pH solution
had a higher Ca concentration in the roots un-
der soilless cultivation (Schreiber and Nunez
2021). Thus, the higher Ca concentration in
the leaf tissue of RE-V could be due to the
higher pH of the soil. In 2023, the RE-V
farm had a high positive correlation (R = 0.89,
P < 0.0001) between soil Ca and pH, but pH was
not correlated to leaf Ca and soil Ca (data not
shown). In addition, no Ca fertilizer was added to
the RE-V farm, so it is probable that the increase
in soil pH allowed Ca and Mg to be available to
the plants, and therefore increased leaf Ca and Mg
and changed the nutrient interaction in the plant.
Strik et al. (2019) reported a negative correlation
between Ca and K in NHB leaves. Probably
this factor contributed to the lower concentra-
tions of K that this farm had in 2023.
Correlation between K and P in soil. Soil
P was the only nutrient consistently corre-
lated to soil K at each farm during both years
of the study (Table 3). The positive correla-
tion can be explained by how both nutrients
are applied at the same rate and at the same
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(Wilcoxon test).

time in mixed fertilizer formulas. The blue-
berry farms sampled in this study received
10N-10P-10K or 13N—6P—6K. In addition, P
and K* soil interaction is influenced by the
contrary charges of the ions. The presence of
K™ cations attracts P anions, decreasing the
transportation of P particles during runoff
and lowering the electric field around nega-
tive soil particles, which can repulse P anions
in the soil solution (Chen et al. 2020), thus,
helping maintain the P availability levels in
the soil as long as K is present. In unculti-
vated land in Georgia’s coastal plains, P tends
to be low relative to K. Low CEC facilitates
the leaching of K™, which is slowly released
from mica and K feldspars in sandy soils
(Kolahchi and Jalali 2007; Mitchell and Hu-
luka 2016; Sparks 1980). Therefore, blue-
berry producers are advised to apply P, but
incorporating soil amendments tends to increase
soil P concentration above recommended levels,
causing leaching and impacting water quality
(Gascho and Parker 2006; Novak and Watts
2004). For the production of SHB blueberry in
the coastal plains of Georgia, soil K is consid-
ered low at levels <35 mgkg ™', whereas P is
considered limited at <15 mgkg '. The ade-
quate ratio of K to P in the soil should be 2 to 1
(Kissel and Sonon 2018). However, the estab-
lishment of these soil nutrient requirements has
not been updated. Indeed, further research is
needed to understand how this ratio would im-
pact root and shoot growth in blueberries.
Correlation between K and P in leaf. Po-
tassium and P in leaves were positively corre-
lated in all the farms. This correlation was
observed almost every year, SHB-F-Br farm
did not show a correlation in 2023 (Table 4).
The correlation between K and P in leaves is

probably linked to the positive correlation be-
tween K and P in soil. There is little informa-
tion on the relationship between P and K in
blueberry leaves. In NHB, K and P in leaves
follow the same trend, starting high during the
spring and decreasing steadily until October
(Strik and Vance 2015).

Correlation between soil K and leaf P.
Even though soil P and K were positively
correlated, and leaf P and K were also corre-
lated, soil K did not influence leaf P or vice
versa. Bhasin et al. (2021) found similar re-
sults, the application of organic fertilizer with
high K did not increase leaf P in NHB blue-
berries. Meanwhile, Leon-Chang et al. (2022)
determined that K fertilizer increased P in the
crowns. In other crops, the interactions be-
tween these nutrients depend on the level of
K" in the soil. In cowpeas (Vigna unguicu-
lata), soil K deficiency causes a reduction in
P uptake, even if P is available in the soil so-
lution. This interaction occurs because there
is a specific site for P absorption in the roots,
which is only activated by K™ (Adepetu and
Akapa 1977). Conversely, it has been re-
ported that high concentrations of K* in the
soil solution can inhibit P uptake and impair
P nutrition in Arabidopsis (Rodenas et al.
2019). Interactions between K and P are im-
portant in determining yield, root/shoot bio-
mass, and cold hardiness in other species
(Naciri et al. 2022; Reeves et al. 1970; Rietra
etal. 2017).

Correlation between K and Mn. Potassium
and Mn in the soil were positively correlated.
This correlation was observed in the RE-V
farm during both years of the study, and in
2022 at the RE-P and SHB-F-Br farms
(Table 3). A constant application of K
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Table 2. Average leaf nutrient levels sampled 2 weeks after harvest in milligrams per kilogram for ‘Premier’ (RE-P) and ‘Vernon’ (RE-P) rabbiteye blueberry and ‘Farthing’ southern highbush blueberry at farms lo-
cated in Bacon (SHB-F-B) and Brantley (SHB-F-Br) Counties, GA, USA. The table shows the mean and the standard deviation (STD) values for total N, P, K, Ca, Mg, Zn, Mn, S, Cu, B, and Na in mg~kg‘1,
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and the sufficiency ranges for rabbiteye (RE) and southern highbush (SHB) blueberries in Georgia according to Plank and Kissel (2024a, 2024b). The numbers in red represent nutrient concentrations under the

sufficiency range, and the numbers in blue represent concentrations above the sufficiency range.

SHB-F-Br

SHB-F-B

RE-V

RE-P

2022 2023

2023
Mean + STD (mg'kg™')

19,000 + 0

Sufficient range SHB 2022

2023 2022 2023

2022

Sufficient range RE

Max

Min

Mean + STD (mgkg™")

12,000 + 2,000

Min Max

12,000

Leaf nutrients

Total N

19,000 + 2,000

18,100 + 0

15,000 £ 1,000

21,000

18,000

12,000 + 500

19,000 + 1,000

14,500 + 1,000

17,000

1,325 + 207
7,036 + 1,193

1,157 £ 116
4,804 £ 119

897 + 20
4204 + 144

896 + 105
3,838 + 425

5,025 + 335

4,000
6,500
8,000
2,500

1,200
3,500
4,000

846 + 40
3,427 + 759

861 + 38
2,848 + 193

897 £ 97
4,928 + 62

898 + 38
4,606 + 132

2,000
6,000

800
3,500
2,500
1,400

5,397 + 942 3,266 + 112

2,244 + 441

6,744 + 117

6,599 + 487

6,837 + 24

5,855 + 604
2,331 £ 240

5,025 + 574

7,000

Ca

1,568 + 93

3,053 + 147

2,310 £ 213

2,515 + 182 1,200

2,516 + 64

1,927 + 107

2,000

Mg

16 +2
42+6
1,576 + 189

14+5
59 + 33
1,700 + 245

12+1
164 + 47

1,638 £ 53

18+1

30
350
2,000

13£0
62 +9
2,237 + 225

17+ 0
59+5
2,759 £ 178

11+1
67 £2
2,633 + 408

35+8
144 + 25
1,885 + 217

10 25

25
1,100

Zn

67 + 16
1,450 + 42

50
1,200

100
2,500

Mn

4+1
56£9
220 + 23

4+1

111
41 +4
110+9

740

29 +3

20
70

3+1
50+ 4
221 £33

22 + 14
52+2

5+1
138 + 53
168 + 29

52+12
104 +4

10
35

Cu

62 £ 16
238 + 29

30

12

35+ 10

13+£2

54+ 8

Na

through drip irrigation increased Mn in the
soil solution in mature NHB fields (Leon-
Chang et al. 2022). An increase in potas-
sium fertilization can enhance Mn avail-
ability in acidic soil conditions (pH ~4),
particularly when phosphorus is also pre-
sent in the soil solution. Potassium and
phosphorus react under acidic soil condi-
tions to form potassium dihydrogen phos-
phate, which extracts Mn from the soil and
increases its solubility (Willard 1979).

It is likely that higher amounts of K and P
in the soil increase Mn solubility and thereby
increase the uptake of this nutrient (Leon-
Chang et al. 2022; Spiers 1984; Townsend
1973). A positive interaction between leaf K
and leaf Mn appeared at all the farms but
only in the first year (Table 4). This interac-
tion may be related to the correlation between
soil potassium and soil manganese. Manga-
nese is an essential micronutrient for plant
development in blueberry, serving as a cofac-
tor in enzymes and oxidation-reduction reac-
tions. Nevertheless, it has been reported to
cause toxicity in blueberries at levels as low
as 476 ppm (Banados et al. 2009). Manga-
nese toxicity must be considered in Georgia
blueberry production because pine bark con-
tributes to the soil Mn quota (Smith et al.
2012). The average Mn levels in the surveyed
farms were <300 ppm, but leaf Mn in the
SHB-F in Bacon County increased during the
second year.

Correlation between K and S. The interac-
tion between K and S in plants was positive
and significant during both years at every
place except the RE-V in Bacon County. No
direct interactions between K and S in leaves
have been reported for blueberries, but the
application of S to the soil can increase leaf
K in ‘Tiftblue’ RE (Spiers and Braswell
1992). Granular K fertilizer significantly in-
creased leaf S concentration in NHB when
compared with plants that received no K
(Leon-Chang et al. 2022). The RE-V farm
had the lowest levels of K in the soil and
leaves and higher pH than the other farms
during both years of the study. In addition,
leaf nutrient interactions were different from
those at the other three farms. Both Bacon
County farms had a negative correlation be-
tween soil K and pH (Table 2). The addition of
S may cause a reduction in the soil pH, increas-
ing the soil K availability, therefore explaining
the positive correlation of S and K in leaves.

Correlation between K and Na in leaf. A
positive interaction between leaf K and Na
appeared in RE-P during both years and in
the SHB-F-B and SHB-F-Br farms in 2022
and 2023, respectively (Table 4). In previous
research reports, high Na concentrations of
88 mM applied to the soil increased leaf Na
but decreased the K leaf level in RE blueber-
ries. Lower Na concentrations of 22 mM did
not affect leaf K (Spiers 1993). In ‘Bluecrop’
NHB, Na solution (20 mM) application sig-
nificantly decreased K leaf levels (Murali-
tharan et al. 1992). According to Song et al.
(2023), the maintenance of low levels of Na
accumulation in blueberry leaves reflects the
capacity of the cultivar to stand salinity stress
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Table 3. Pearson correlation matrix between soil K and soil pH and other soil nutrients in commercial
fields of ‘Premier’ and ‘Vernon’ rabbiteye blueberry and ‘Farthing’ southern highbush blueberry
at farms in Brantley and Bacon Counties, GA, USA. Correlations were established using soil nu-
trient levels from samples from Apr to Nov 2022 and 2023. Green and red cells indicate signifi-
cant correlation indexes = 0.5 and = —0.5, respectively (P < 0.05).

Soil K
) RE-P RE-V SHB-F-B SHB-F-Br

Soil pH and
other soil nutrients 2022 2023 2022 2023 2022 2023 2022 2023
pH —0.1 0.0 Bos o2 -03 [0S 02  —0.1
P 06 0.1 0.8 0.9 0.6 0.6 0.8 0.5
Ca 0.3 0.2 0.3 0.0 0.1 —0.1 0.6 —02
Mg 0.4 0.4 —0.1 0.1 0.5 0.1 06 0.1
Mn 0.7 0.1 0.7 0.7 0.2 0.4 0.6 0.0

Table 4. Pearson correlation matrix between leaf K and macro and micro leaf nutrients in commercial
fields of ‘Premier’ and “Vernon’ rabbiteye blueberry and ‘Farthing’ southern highbush blueberry at
farms in Brantley and Bacon Counties, GA, USA. Correlations were established using leaf nutrient
levels from samples from Apr to Nov 2022 and 2023. Green and red cells indicate significant cor-
relation indexes = 0.5 and = —0.5, respectively (P < 0.05).

Leaf K
_ RE-P RE-V SHB-F-B SHB-F-Br

Macro and micro leaf

nutrients 2022 2023 2022 2023 2022 2023 2022 2023
P 0.5 0.8 06 08 08 08 0.2 0.5
Total N 02 —05 04 00 03 —0.1 02 —04
Al 00 04 —0.1 0.1 -0.3 0.0 0.6 0.6
B 0.1 0.4 BB -o1 -03  -0.1 0.5 0.7
Ca 04 04 —04 00 —0.3 0.2 0.6 0.5
Cu —-04 —04 BB o4 -03 0.1 0.2 0.8
Fe -02 0.1 -02 0.1 —0.2 0.2 0.5 0.5
Mg 0.1 0.5 BB o2 =0.5 0.0 0.6 0.5
Mn -02 |07 02 [107 04 [06 0.7 0.3
Mo —0.1 0.0 -0.3 0.1 0.1 0.0 —0.1 0.1
Na 0.7 06 0.1 0.1 0.8 0.4 0.4 0.7
Ni -02 0.1 00 02 00 03 0.1 0.2
S 07 08 -02 0.1 06 07 0.5 0.9
Zn 0.3 0.5 0.1 0.5 02 05 0.1 0.7

and is correlated to the Na/K ratio. Suscepti-
ble cultivars like Sweetheart NHB exposed to
high salinity soil or growing conditions had
three times more leaf Na than the most resis-
tant cultivar Duke. In contrast, the K leaf con-
tent decreased significantly and the Na/K ratio
increased (Song et al. 2023). There is no
current sufficiency level for leaf Na con-
centrations for blueberries in Georgia.
Based on the Song et al. (2023) publication,
NHB blueberry leaves presented Na content
of ~15,000 mgkg™' (‘Sweetheart’) and
~5000 mg-kg~ ! (‘Duke’) under soil saline
conditions and were below 1000 mgkg ' for
both cultivars under no saline conditions. For
RE blueberries, leaf Na levels of 2900 mg-kg ™!
under low Na fertilization levels (2.2 mM) were
reported (Spiers 1993). In our results, none
of the farms showed an average leaf Na above
250 mg'kg ! (Table 2). So, it is possible that
the negative correlation between Na and K
only shows up when plants have accumulated
higher levels of Na.

Conclusions

The absence of direct interactions be-
tween K in the leaves and soil indicates that
further investigation is necessary to under-
stand the mechanisms underlying nutrient in-
teractions in blueberry plants. Farm 2 RE-V,
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which applied the lowest dose of fertilizer
and showed the lowest K levels in the soil,
exhibited distinct nutrient interactions that
were likely influenced by soil pH and fertility
management. Furthermore, soil K was posi-
tively correlated with soil P and Mn in the
study, suggesting complex interactions be-
tween soil nutrients influenced by soil charac-
teristics and fertilization practices. Likewise,
leaf K was positively correlated with leaf P,
Mn, S, and Na. The data collected in this
study suggest that the recommendation of
leaf tissue sampling 2 weeks after harvest
might need to be updated; we recommend
that the leaf tissue be sampled in August be-
cause the nutrients were more stable.

Blueberry nutrient physiology is a complex
interplay between environmental factors and
management practices in a crop production
system. Therefore, tailored management
strategies are necessary to optimize plant
health and productivity specific to different
agroecosystems.
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