
Academic Editor: Yasutomo

Hoshika

Received: 22 May 2026

Revised: 17 June 2026

Accepted: 1 July 2026

Published: 3 July 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.

Article

The Impact of Foliar Biostimulants Derived from Animal Waste
on Mitigating the Effects of Drought on Maize Crops in
Southern Romania
Roxana Horoias 1,2,* , Cristian Cioineag 2, Marius Becheritu 2, Paul Borovina 2, Valentina Serban 2,
Carmen Gaidau 3 , Jiri Pecha 4, Lubomir Sanek 4 and Cristina Apostol 1

1 Faculty of Management and Rural Development, University of Agronomic Sciences and Veterinary Medicine,
59 Marasti Blvd., District 1, 010961 Bucharest, Romania; angelescu.cristina@managusamv.ro

2 Probstdorfer Saatzucht Romania SRL, 20 Siriului Street, District 1, 014354 Bucharest, Romania;
cristian.cioineag@probstdorfer.ro (C.C.); marius.becheritu@probstdorfer.ro (M.B.);
paul.borovina@probstdorfer.ro (P.B.); valentina.gavrila85@gmail.com (V.S.)

3 Leather Research Department, Research and Development National Institute for Textiles and Leather-Division
Leather and Footwear Research Institute, 16, Lucretiu Patrascanu Street, 030508 Bucharest, Romania;
carmen.gaidau@incdtp.ro

4 Faculty of Applied Informatics, Tomas Bata University in Zlin, Nad Stranemi 4511, 760 05 Zlin,
Czech Republic; pecha@utb.cz (J.P.); sanek@utb.cz (L.S.)

* Correspondence: horoias.roxana@managusamv.ro

Abstract

Drought represents one of the major constraints limiting maize productivity in southeastern
Europe, particularly under non-irrigated conditions. This study evaluated the effectiveness
of foliar biostimulants derived from animal collagen and keratin hydrolysates in mitigating
drought stress and improving maize performance in southern Romania during a six-year
field experiment (2020–2025). During the screening phase (2020–2022), four formulations
(FM1, FM2, KC, and K2) were applied at two rates (5 and 10 L ha−1) and compared with an
untreated control. Significant effects of biostimulant formulation and dose were identified
for plant height and grain yield (p < 0.001). Duncan’s multiple range test showed that K2
applied at 10 L ha−1 achieved the highest mean grain yield (87.71 q ha−1), significantly
exceeding the untreated control (70.94 q ha−1). Based on these results, K2 was selected
for long-term validation during 2023–2025 and subsequently evaluated across the entire
six-year experimental period. Mean grain yield increased from 52.06 q ha−1 in the untreated
control to 58.74 and 64.91 q ha−1 following K2 application at 5 and 10 L ha−1, respectively.
Yield improvements were particularly pronounced during years characterized by severe
precipitation deficits, when relative yield increases reached up to 41.9%. Economic anal-
ysis demonstrated positive net returns in all experimental years, with average profits of
108.6 EUR ha−1 and 206.9 EUR ha−1 for the 5 and 10 L ha−1 application rates, respec-
tively. The results demonstrate that keratin-based biostimulants derived from industrial
by-products can improve maize productivity, enhance drought resilience, and contribute to
circular-economy approaches in sustainable agriculture.

Keywords: drought stress; maize; biostimulants; protein hydrolysates; keratin; collagen;
grain yield; circular economy; climate adaptation

1. Introduction
Maize (Zea mays L.) is one of the most important cereal crops worldwide, serving

as a source of food, animal feed, and industrial raw materials. Global maize production
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exceeds 1.2 billion tons annually and continues to increase due to growing demand from
the livestock, food-processing, and bioeconomy sectors. Maintaining stable maize yields is
therefore essential for global food security and agricultural sustainability [1,2].

Among the abiotic stresses affecting agricultural productivity, drought is considered
one of the most damaging factors [3–5]. Recent climate trends indicate an increasing
frequency, duration, and intensity of drought events in many agricultural regions world-
wide [1,5,6]. It has been estimated that drought accounts for approximately 15–30% of
annual maize yield losses globally, while severe drought episodes can reduce grain produc-
tion by more than 50%, depending on their timing and duration [4,7,8]. The sensitivity of
maize to water deficit varies during its development, with the reproductive stages, particu-
larly tasseling, silking, and grain filling, being the most vulnerable [9,10]. Water shortages
occurring during flowering may reduce grain yield by 40–70%, whereas drought during
vegetative growth can decrease biomass accumulation and limit subsequent reproductive
development [9,11,12].

In Europe, climate change has intensified concerns regarding maize cultivation, partic-
ularly in southern and southeastern regions [6,9]. Recent projections indicate that increasing
temperatures and reduced summer precipitation may significantly affect maize produc-
tivity during the coming decades [5,6]. Several modelling studies have predicted yield
reductions ranging from 10% to 30% across southeastern Europe under moderate climate
scenarios, while more severe scenarios suggest even larger losses in areas already affected
by recurrent drought [6,7]. Romania is among the countries expected to experience sub-
stantial impacts due to rising temperatures, increased evapotranspiration, and declining
soil moisture reserves during the growing season [13,14].

These climatic challenges have stimulated extensive research aimed at improving
maize adaptation to drought conditions. Since the cultivation of genetically modified
maize is highly restricted within the European Union, breeding programs have focused on
the development of drought-tolerant hybrids capable of maintaining productivity under
water-limited conditions [15–22]. Romanian maize breeding programs have produced
several hybrids adapted to continental and semi-arid environments, including the hybrid
Olt (FAO 430), which has demonstrated good tolerance to drought, high temperatures, and
lodging under the pedoclimatic conditions of southern Romania [23]. Previous studies
have reported stable agronomic performance of the Olt hybrid under moderate water stress,
making it a suitable genetic material for evaluating complementary drought-mitigation
strategies [23,24].

In parallel with genetic improvement, increasing attention has been directed toward
the use of plant biostimulants. According to current European regulations, plant biostimu-
lants are products that stimulate plant nutrition processes independently of their nutrient
content, with the aim of improving nutrient-use efficiency, tolerance to abiotic stress, crop
quality, or nutrient availability in the rhizosphere [25]. Among the different categories of
biostimulants, protein hydrolysates derived from plant or animal materials have received
considerable interest due to their high content of amino acids, peptides, and bioactive
compounds [26–28].

Numerous studies have demonstrated that protein hydrolysates can improve plant
responses to drought stress by enhancing root development, nutrient uptake, osmotic
adjustment, antioxidant activity, and water-use efficiency [26,29–31]. Under water-deficit
conditions, foliar applications of protein hydrolysates have been associated with increased
chlorophyll content, improved photosynthetic performance, better maintenance of cellular
hydration, and higher crop yields in several agricultural species [32–35]. Animal-derived
protein hydrolysates obtained from collagen and keratin residues are particularly attrac-
tive because they combine agronomic benefits with the principles of circular economy
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through the valorisation of industrial by-products from the leather and food-processing sec-
tors [36–38]. Their agricultural utilization contributes simultaneously to waste valorization,
resource efficiency, and sustainable crop production.

Collagen and keratin hydrolysates contain readily available organic nitrogen, that can
contribute to plant nutrition and stress tolerance [39–41]. In addition, these compounds may
form protective films on plant surfaces and stimulate physiological processes associated
with adaptation to environmental stress [29,42]. Their use therefore represents a promising
strategy for improving crop resilience under increasingly frequent drought conditions
while simultaneously reducing waste streams from industrial activities [37,38,43].

Southern Romania represents an appropriate region for evaluating such technologies
because maize production is increasingly constrained by recurrent drought and because
more than 90% of the cultivated area remains non-irrigated [13,14]. Under these conditions,
identifying sustainable approaches capable of maintaining plant growth and productivity
is of considerable agronomic importance.

Despite the growing body of literature on plant biostimulants, relatively limited infor-
mation is available regarding the long-term field performance of animal-derived collagen
and keratin hydrolysates under naturally occurring drought conditions. Most published
studies have been conducted under controlled environments or over one to two growing
seasons. Consequently, further field validation is required to assess the consistency of
biostimulant responses across contrasting climatic conditions. Furthermore, information
regarding the agronomic and economic performance of animal-derived biostimulants un-
der long-term field conditions remains scarce, particularly in drought-prone regions of
southeastern Europe.

The objective of this study was to evaluate, under six consecutive growing seasons
(2020–2025), the effectiveness of foliar biostimulants derived from animal collagen and
keratin hydrolysates in mitigating drought stress and improving maize growth and pro-
ductivity under non-irrigated conditions in southern Romania.

Few studies have evaluated animal-derived collagen and keratin hydrolysates under
six consecutive years of field conditions. The study combines agronomic, statistical, climatic,
and economic analyses, providing a comprehensive long-term assessment of biostimulant
performance under naturally occurring drought stress.

2. Results
2.1. Effect of Biostimulants on Maize Growth and Productivity
2.1.1. Raw Data on Plant Heights and Yields

Table 1 summarizes plant height measured after the first (Height I) and second
(Height II) foliar applications, together with grain yield, during the experimental period
(2020–2025). Substantial variability in plant height and grain yield was observed among
experimental years, biostimulant formulations, and application doses.

Across the screening phase (2020–2022), grain yield ranged from 52.23 to 111.61 q ha−1,
reflecting both treatment effects and contrasting climatic conditions. During the validation
phase (2023–2025), K2-treated variants consistently recorded greater plant height and grain
yield values than the untreated control.

2.1.2. Comparative Evaluation of Selected Biostimulants During 2020–2022

The effects of year, biostimulant formulation, and dose on maize growth and produc-
tivity during the screening phase were evaluated using three-factor ANOVA (Table 2).
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Table 1. Plant height after the first (Height I) and second (Height II) foliar applications and grain yield of
maize treated with animal-derived biostimulants during the experimental period (2020–2025).

Product
Dose

(L ha−1)
Height I (cm) 1 Height II (cm) 1 Yields (q ha−1) 1

2020 2021 2022 2023 2024 2025 2020 2021 2022 2023 2024 2025 2020 2021 2022 2023 2024 2025

Control 0.0 38.91 42.13 41.59 37.10 54.36 37.97 80.51 93.01 91.13 84.70 88.94 87.05 49.48 92.25 71.08 29.56 50.72 19.27

FM1
5.0 40.12 48.64 46.13 - - - 98.59 97.15 95.26 - - - 57.76 100.59 75.14 - - -
10.0 43.79 47.77 48.40 - - - 95.18 100.06 98.52 - - - 61.88 107.32 83.10 - - -

FM2
5.0 40.05 46.17 48.32 - - - 89.46 95.47 92.90 - - - 56.35 96.16 77.95 - - -
10.0 39.09 51.22 47.10 - - - 96.53 98.08 93.69 - - - 57.60 102.11 80.36 - - -

C
5.0 37.51 - - - - - 85.84 - - - - - 53.49 - - - - -
10.0 40.25 - - - - - 86.22 - - - - - 55.81 - - - - -

K1
5.0 37.87 - - - - - 78.70 - - - - - 55.11 - - - - -
10.0 38.60 - - - - - 75.33 - - - - - 54.38 - - - - -

K2
5.0 40.72 48.13 46.27 42.72 41.35 43.54 92.65 101.21 95.75 90.38 98.12 93.68 56.92 103.45 80.54 33.66 53.12 24.73
10.0 44.70 50.72 49.69 47.23 48.07 49.41 98.70 104.47 103.44 97.77 100.27 99.05 63.16 111.61 88.41 40.20 58.76 27.35

K3
5.0 39.57 46.59 - - - - 84.34 95.72 - - - - 58.90 97.29 - - - -
10.0 42.28 43.80 - - - - 91.75 92.55 - - - - 56.47 93.55 - - - -

K4
5.0 38.55 - - - - - 85.91 - - - - - 52.23 - - - - -
10.0 38.81 - - - - - 85.16 - - - - - 54.06 - - - - -

K5
5.0 38.65 - - - - - 77.46 - - - - - 53.61 - - - - -
10.0 39.36 - - - - - 87.58 - - - - - 54.58 - - - - -

KC
5.0 39.67 50.31 44.96 - - - 84.99 95.66 96.02 - - - 56.46 101.69 79.31 - - -
10.0 41.05 47.55 47.20 - - - 91.28 102.35 94.19 - - - 60.19 105.32 91.40 - - -

1 Own data: Height I and Height II = first and second height measurement (cm), mean for 10 plants × 3 replicates;
Y = calculated yield (q ha−1), after the microplot (10 sqm) harvest, mean for 3 replicates.

Table 2. Three-factor ANOVA for the effects of year (Y), biostimulant and dose (D) on maize plant
height and grain yield during the 2020–2022 screening phase, calculated for the treated formulations
only (FM1, FM2, K2 and KC).

Variable 1 Factor df F p Significance 2 CV (%)

Height I
(cm)

Y 2 32.465 <0.0001 *** 7.584
B 3 0.766 0.5187 ns 7.584
D 1 3.778 0.0578 ns 7.584
Y × B 6 0.381 0.8878 ns 7.584
Y × D 2 0.115 0.8918 ns 7.584
B × D 3 0.624 0.6027 ns 7.584
Y × B × D 6 1.092 0.3808 ns 7.584

Height II
(cm)

Y 2 13.320 <0.0001 *** 4.015
B 3 7.419 0.0004 *** 4.015
D 1 15.025 0.0003 *** 4.015
Y × B 6 1.843 0.1105 ns 4.015
Y × D 2 0.336 0.7163 ns 4.015
B × D 3 1.300 0.2853 ns 4.015
Y × B × D 6 1.581 0.1733 ns 4.015

Yield
(q ha−1)

Y 2 1023.85 <0.0001 *** 4.207
B 3 8.599 0.0001 *** 4.207
D 1 52.288 <0.0001 *** 4.207
Y × B 6 2.116 0.0686 ns 4.207
Y × D 2 1.838 0.1701 ns 4.207
B × D 3 1.277 0.2929 ns 4.207
Y × B × D 6 0.859 0.5316 ns 4.207

1 Height I and Height II correspond to plant height measured after the first and second foliar applications, respec-
tively, while grain yield is expressed as q ha−1. df = degrees of freedom; F = Fisher’s F-statistic; p = probability
value associated with the F-test; CV (%) = coefficient of variation, used as an indicator of experimental vari-
ability and precision. Y × B, Y × D, B × D, and Y × B × D represent the corresponding interaction ef-
fects. Statistical significance was determined at p ≤ 0.05; *** p < 0.001; ns = not significant. Y = year;
B = biostimulant; D = dose; Y × B = year × biostimulant; Y × D = year × dose; B × D = biostimulant × dose;
Y × B × D = year × biostimulant × dose. 2 *** p < 0.001 by the F-test; ns = not significant.

Three-factor ANOVA revealed a highly significant effect of year on all measured
variables (p < 0.001). Biostimulant formulation significantly influenced Height II and grain
yield, whereas application dose significantly affected Height II and grain yield. None of
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the interaction terms were statistically significant, indicating that treatment responses were
generally consistent across years. Coefficients of variation ranged from 4.02% to 7.58%.

2.1.3. Comparison of Treatments with the Untreated Control (2020–2022)

To compare all treatment–dose combinations with the untreated control, the data were
analyzed using year and treatment–dose combination as fixed factors (Table 3).

Table 3. ANOVA for the effects of year (Y), biostimulant-dose and their interaction on maize plant
height and grain yield during 2020–2022, including the untreated control.

Variable Factor 1 df F p Significance 2 CV (%)

Height I
(cm)

Y 2 33.810 <0.0001 *** 7.469
B × D 8 3.111 0.0058 ** 7.469
Y × B × D 16 0.754 0.7271 ns 7.469

Height II
(cm)

Y 2 19.534 <0.0001 *** 4.022
B × D 8 9.639 <0.0001 *** 4.022
Y × B × D 16 1.754 0.0638 ns 4.022

Yield
(q ha−1)

Y 2 1230.15 <0.0001 *** 4.110
B × D 8 21.196 <0.0001 *** 4.110
Y × B × D 16 1.486 0.1396 ns 4.110

1 Height I and Height II represent plant height measured after the first and second foliar applications, respectively,
while grain yield is expressed as q ha−1. Treatment–dose combinations included all biostimulant formulations,
application rates (5 and 10 L ha−1), and the untreated control. df = degrees of freedom; F = Fisher’s F-statistic;
p = probability value associated with the F-test; CV (%) = coefficient of variation, indicating the level of experi-
mental variability. Y × T = year × treatment–dose interaction. Statistical significance was determined using the
F-test. 2 ** p < 0.01; *** p < 0.001 by the F-test; ns = not significant.

Year significantly affected Height I, Height II, and grain yield (p < 0.001). Treatment–dose
combination also significantly affected all measured variables, with F-values of 3.111 for
Height I, 9.639 for Height II, and 21.196 for grain yield. No significant interaction between
year and treatment–dose combination was detected.

Because significant differences were identified for grain yield, Duncan’s multiple
range test was applied to separate treatment means (Table 4).

Duncan’s test separated the evaluated treatments into five statistical groups. K2
applied at 10 L ha−1 achieved the highest mean grain yield (87.71 q ha−1), followed by KC
at 10 L ha−1 (85.64 q ha−1). Both treatments were assigned to the highest Duncan group (a).
The untreated control produced the lowest mean yield (70.94 q ha−1) and was classified
separately in group (e).

To further examine the relationships among plant height and grain yield variables,
principal component analysis (PCA) was performed (Figure 1).

The first principal component (F1) accounted for 72.71% of the total variance and was
primarily associated with variation in plant growth and productivity. The second principal
component (F2) explained an additional 17.09% of the variance. Together, the two compo-
nents explained 89.80% of the total variability. Height I and Height II showed similar vector
orientations, indicating a positive association between the two measurements, whereas
grain yield occupied a distinct position within the ordination space. Treatment observations
were distributed according to their respective responses for the measured variables.
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Table 4. Mean maize yield (q ha−1) and Duncan grouping for treatment-dose combinations during
2020–2022.

Group n Mean SE Fisher LSD
(5%)

Duncan
Group 1

K2, 10 L ha−1 9 87.707 7.044 3.118 a
KC, 10 L ha−1 9 85.637 6.805 3.118 a
FM1, 10 L ha−1 9 84.100 6.662 3.118 b
K2, 5 L ha−1 9 80.303 6.790 3.118 c
FM2, 10 L ha−1 9 80.023 6.479 3.118 c
KC, 5 L ha−1 9 79.153 6.570 3.118 c
FM1, 5 L ha−1 9 77.830 6.297 3.118 c
FM2, 5 L ha−1 9 76.820 5.834 3.118 d
Control 9 70.936 6.200 3.118 e

1 Values are means of three experimental years (2020–2022) and three field replicates per treatment (n = 9). Grain
yield is expressed as q ha−1. SE = standard error. Different lowercase letters (a–e) indicate significant differences
among treatments according to Duncan’s multiple range test at p ≤ 0.05; treatments sharing the same letter are
not significantly different. Fisher LSD0.05 = 3.118 q ha−1.

 
Figure 1. Principal Component Analysis (PCA) biplot illustrating the multivariate relationships
among plant height after the first foliar application (Height I), plant height after the second foliar
application (Height II), and grain yield of maize under different animal-derived biostimulant treat-
ments (FM1, FM2, KC, K2, and untreated control) during the 2020–2022 screening phase. The blue
vectors correspond to variables showing a similar orientation within the PCA space (Height I and
grain yield), whereas the yellow vector distinguishes Height II because of its different orientation
along the second principal component. Orange points represent the experimental observations.

2.1.4. Validation of K2 During the Experimental Period (2020–2025)

The K2 formulation was subsequently evaluated over the entire six-year experimental
period using year and dose as experimental factors (Table 5). Year significantly affected
Height II and grain yield (p < 0.001), whereas dose significantly affected Height I, Height II,
and grain yield. No significant interaction between year and dose was detected.

Year significantly affected Height II and grain yield, whereas K2 dose significantly
influenced all measured variables. No significant year × dose interaction was detected.
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Table 5. Two-factor ANOVA for the effects of year and K2 dose on maize plant height and grain yield
during 2020–2025.

Variable * Factor 1 df F p Significance 2 CV (%)

Height I
(cm)

Y 5 1.714 0.1563 ns 13.419
D 2 5.257 0.0099 ** 13.419
Y × D 10 1.372 0.2322 ns 13.419

Height II
(cm)

Y 5 7.094 0.0001 *** 4.075
D 2 52.278 <0.0001 *** 4.075
Y × D 10 0.620 0.7863 ns 4.075

Yield
(q ha−1)

Y 5 675.92 <0.0001 *** 5.709
D 2 66.459 <0.0001 *** 5.709
Y × D 10 1.690 0.1213 ns 5.709

* The table reports degrees of freedom (df), F-values, p-values, and coefficients of variation (CV, %). CV (%)
represents the coefficient of variation and provides an estimate of experimental precision. Statistical significance
was assessed at p ≤ 0.05. 1 Y = year; D = dose; Y × D = year × dose. 2 ** p < 0.01; *** p < 0.001 by the F-test;
ns = not significant.

Mean grain yield differed significantly among K2 dose levels (Table 6). Mean grain
yield increased progressively with K2 application rate. The 10 L ha−1 treatment produced
the highest mean yield (64.91 q ha−1), followed by the 5 L ha−1 treatment (58.74 q ha−1),
while the untreated control recorded 52.06 q ha−1.

Table 6. Mean maize grain yield and Duncan grouping for K2 doses during the validation period
(2020–2025).

Group n Mean SE Fisher LSD
(5%)

Duncan
Group 1

10 L ha−1 18 64.905 6.891 2.260 a
5 L ha−1 18 58.737 6.537 2.260 b
0 L ha−1 18 52.059 5.932 2.260 c

1 Values represent treatment means calculated from three field replicates per year (n = 18). Means followed by
different lowercase letters differ significantly according to Duncan’s multiple range test at p ≤ 0.05. Fisher’s LSD
(5%) = 2.260 q ha−1.

The temporal grain-yield response of maize to K2 application during the six-year
experimental period is presented in Figure 2.

Figure 2. Mean grain yield response of maize to K2 biostimulant application during the six-year
validation period (2020–2025) under field conditions. Bars represent mean grain yield (q ha−1), while
error bars indicate standard deviation (SD) calculated from three field replicates. Control = untreated
plants; K2 was applied at 5 and 10 L ha−1.
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Grain yield ranged from 19.27 q ha−1 in 2025 to 111.61 q ha−1 in 2021. In each
experimental year, both K2 application rates recorded higher grain yield values than the
untreated control.

2.2. Relationship Between Climatic Conditions, Plant Height and Yield Response
2.2.1. Climatic Conditions During the Experimental Period (2020–2025)

Monthly air temperature data recorded during the study period are presented in
Table 7. Growing-season mean temperature (April–September) varied from 19.0 ◦C in 2021
to 20.7 ◦C in 2020.

Table 7. Monthly air temperature and precipitation recorded during the maize growing seasons
(2020–2025) compared with the climatic reference period (1981–2010).

Month
Temperature (◦C) 1

2020 2021 2022 2023 2024 2025 2020–2025 1981–2010

January 1.9 3.3 2.6 3.0 1.6 0.7 2.2 −0.4
February 5.8 3.4 4.7 2.4 5.0 3.5 4.1 1.1

March 8.9 5.6 7.7 7.6 7.9 6.0 7.3 5.9
April 12.5 11.4 10.9 11.8 10.6 11.4 11.4 11.7
May 18.4 16.7 17.5 17.3 17.7 17.6 17.5 17.6
June 22.0 20.9 21.0 21.5 22.4 21.9 21.6 21.5
July 24.9 22.8 21.8 24.1 24.7 24.0 23.7 23.4

August 25.1 24.2 25.0 25.4 25.1 25.4 25.0 22.7
September 21.0 17.7 18.9 20.7 19.5 19.1 19.5 17.8

October 15.2 11.5 12.7 14.3 13.6 13.1 13.4 11.9
November 7.9 7.6 7.3 8.3 7.1 6.5 7.5 5.9
December 1.7 1.3 2.1 3.5 1.9 2.6 2.2 1.1

Total annual (◦C) 13.8 12.2 12.7 13.3 13.1 12.7 13.0 11.7

Total
April-Sept. (◦C) 20.7 19.0 19.2 20.1 20.0 19.9 19.8 19.1

∆T April-Sept. (◦C) 2 +1.6 –0.1 +0.1 +1.0 +0.9 +0.8 +0.7 -
1 authors’ calculations based on meteorological records collected during 2020–2025 and climatic normals provided
by NOAA National Centers for Environmental Information (NCEI) WMO Climate Normals database for Romania
(Calarasi county) [44]. 2 ∆T (◦C) = experimental − reference interval (1981–2010).

The six-year average temperature was 19.8 ◦C, compared with 19.1 ◦C for the ref-
erence period (1981–2010). Positive temperature anomalies were recorded in five of the
six experimental years.

Monthly precipitation totals recorded during the experimental period are presented
in Table 8.

Growing-season precipitation (April–September) ranged from 129 mm in 2025 to
285 mm in 2021. The six-year average precipitation total was 213 mm, representing a
reduction of 72 mm relative to the climatic normal (285 mm) for the 1981–2010 reference
period. Seasonal precipitation deficits ranged from 31 mm in 2024 to 156 mm in 2025.

A comparative overview of growing-season temperature and precipitation patterns is
presented in Figure 3.

Compared with the 1981–2010 climatic normal, the experimental period was character-
ized by consistently higher growing-season temperatures and reduced precipitation totals.
The greatest deviations from the climatic normal occurred during July–September, when
precipitation was substantially lower than the long-term average.
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Table 8. Monthly precipitation and temperature patterns during the experimental period relative to
the climatic normal (1981–2010).

Month
Precipitation (mm) 1

2020 2021 2022 2023 2024 2025 2020–2025 1981–2010

January 2 106 12 52 11 20 34 31
February 31 42 32 15 0 30 25 24

March 16 102 3 34 31 5 32 36
April 11 35 45 21 86 11 35 40
May 28 70 39 37 18 81 46 43
June 53 113 110 13 0 0 48 62
July 18 32 6 67 31 13 28 48

August 3 19 17 44 46 10 23 41
September 57 16 36 2 73 14 33 51

October 43 89 4 10 29 105 47 40
November 8 31 50 157 53 55 59 42
December 114 63 22 41 39 27 51 41

Total annual (mm) 384 718 376 493 417 371 460 499

Total
April-Sept. (mm) 170 285 253 184 254 129 213 285

∆T April-Sept. (mm) 2 –115 – –32 –101 –31 –156 –72 –
1 authors’ calculations based on meteorological records collected during 2020–2025 and climatic normals provided
by NOAA National Centers for Environmental Information (NCEI) WMO Climate Normals database for Romania
(Calarasi county) [44]. 2 ∆T (mm) = experimental − reference interval (1981–2010).

Figure 3. Comparative climatic profile of the experimental period (2020–2025) and the reference
climatic normal (1981–2010) during the maize growing season (April–September). Bars represent
average monthly temperatures, while lines indicate monthly precipitation totals. Orange symbols
correspond to the experimental period (2020–2025), whereas blue and purple symbols correspond to
the long-term climatic normal (1981–2010). Values represent mean monthly conditions calculated for
the April–September growing season.

2.2.2. Associations Between Climatic Conditions and Maize Development

Relationships among plant height, grain yield, growing-season temperature, and
precipitation are presented in Figure 4.

The heat map highlights substantial interannual variability in plant growth, grain
yield, temperature, and precipitation. Across all experimental years, K2-treated variants
generally displayed higher Height I, Height II, and grain yield values than the correspond-
ing untreated controls.
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Figure 4. Heat map visualization of plant height, grain yield, and growing-season climatic variables
associated with K2 biostimulant treatments during the six-year experimental period (2020–2025).
Color intensity reflects the relative magnitude of values within each variable column, with lighter
shades indicating lower values and darker green shades indicating higher values. Height I and
Height II represent plant height measured after the first and second foliar applications, respectively.
Temperature and precipitation correspond to mean growing-season temperature and cumulative
precipitation recorded between April and September. Colors were normalized independently for each
variable to facilitate visual comparison of treatment responses and climatic conditions across years.

2.3. Economic Evaluation of K2 Application

The economic performance of K2 application was assessed using a maize grain price
of 200 EUR t−1 and a product cost of 5 EUR L−1 (Table 9).

Table 9. Economic evaluation of K2 application during 2020–2025.

Year Dose
(L ha−1)

Control
Yield

(q ha−1)

K2 Yield
(q ha−1)

Yield
Increase
(q ha−1)

Extra
Income

(EUR ha−1)

Product
Cost

(EUR ha−1)

Net Profit
(EUR ha−1)

2020
5.0

49.48
56.92 7.44 148.80 25.00 123.80

10.0 63.10 13.62 272.40 50.00 222.40

2021
5.0

92.25
103.45 11.20 224.07 25.00 199.07

10.0 111.61 19.36 387.27 50.00 337.27

2022
5.0

71.08
80.54 9.46 189.20 25.00 164.20

10.0 88.41 17.33 346.60 50.00 296.60

2023
5.0

29.56
33.66 4.10 82.000 25.00 57.000

10.0 40.20 10.64 212.80 50.00 162.80

2024
5.0

50.72
53.12 2.40 48.00 25.00 23.00

10.0 58.76 8.04 160.80 50.00 110.80

2025
5.0

19.27
24.73 5.46 109.27 25.00 84.267

10.0 27.35 8.08 161.67 50.00 111.67

Positive net returns were recorded for both K2 application rates in all experimental
years. Net profit ranged from 23.0 to 199.1 EUR ha−1 for the 5 L ha−1 treatment and from
110.8 to 337.3 EUR ha−1 for the 10 L ha−1 treatment. The highest annual net returns were
recorded in 2021, while positive economic returns were maintained under all climatic
conditions evaluated during the study period.
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3. Discussion
3.1. Overall Effect of Animal-Derived Biostimulants on Maize Growth and Yield

The six-year field experiment demonstrated that foliar applications of animal-derived
protein hydrolysates improved maize growth and grain yield under non-irrigated condi-
tions in southern Romania. During the screening phase (2020–2022), all selected formula-
tions produced higher grain yields than the untreated control, although the magnitude of
the response differed among products and doses. Duncan’s multiple range test identified
K2 applied at 10 L ha−1 and KC applied at 10 L ha−1 as the highest-performing treatments,
with mean grain yields of 87.71 and 85.64 q ha−1, respectively, compared with 70.94 q ha−1

in the untreated control.
K2 was selected for long-term validation because it consistently ranked among the

highest-yielding treatments during the 2020–2022 screening phase and produced signifi-
cantly greater grain yield than the untreated control under all evaluated conditions.

The superior performance of K2 was confirmed during the validation phase
(2020–2025). Across the entire experimental period, mean grain yield increased from
52.06 q ha−1 in the untreated control to 58.74 q ha−1 and 64.91 q ha−1 following K2 appli-
cation at 5 and 10 L ha−1, respectively. Similar responses were observed for plant height
after both foliar applications, indicating a consistent positive effect of the biostimulant on
vegetative development and final productivity.

These findings are consistent with previous studies reporting improved crop perfor-
mance following the application of protein hydrolysates rich in amino acids and bioactive
peptides [26,29,30,32,33]. Comparable increases in biomass production, nutrient-use ef-
ficiency, and grain yield have been reported in maize and other field crops exposed to
environmental stress [29,30,32–35,45].

3.2. Influence of Climatic Conditions and Drought Stress

The climatic characterization of the experimental period revealed substantial interan-
nual variability in temperature and precipitation. Growing-season precipitation ranged
from 129 mm in 2025 to 285 mm in 2021, while the six-year average precipitation total
was 213 mm, which was 25.3% lower than the climatic normal of 285 mm recorded for the
1981–2010 reference period. At the same time, growing-season temperatures were generally
higher than the long-term average, confirming the occurrence of recurrent drought stress
during the study period.

The strongest yield responses to K2 were observed during years characterized by
severe water deficit. Relative yield increases of the 10 L ha−1 treatment reached 27.6%
in 2020, 36.0% in 2023, and 41.9% in 2025. In contrast, smaller relative responses were
observed in years with more favorable precipitation conditions. These results indicate that
the effectiveness of K2 was maintained across contrasting environmental conditions and
tended to increase under stronger drought pressure.

Previous studies have reported similar behavior for protein hydrolysates, which
often produce larger agronomic responses under stress conditions than under optimal
environments [29–31,45]. The present findings therefore support the potential role of
animal-derived biostimulants as complementary tools for improving maize resilience
under increasingly variable climatic conditions.

3.3. Possible Mechanisms Responsible for the Observed Effects

The mechanisms responsible for the positive effects of protein hydrolysates on crop
performance have been extensively discussed in previous studies [26,29,39,40]. Under
field conditions, these products have been associated with improvements in plant growth,
nutrient acquisition, and tolerance to abiotic stress, including drought [26,29–31].
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In the present study, foliar application of the K2 formulation consistently increased
plant height and grain yield relative to the untreated control throughout the experimental
period. The absence of significant year × dose interactions indicates that the positive
response was maintained across years characterized by contrasting climatic conditions,
including substantial differences in growing-season precipitation and temperature.

Because the present research focused primarily on agronomic performance under field
conditions, no physiological or biochemical measurements were conducted. Consequently,
the mechanisms responsible for the observed responses cannot be identified directly from
the current dataset. The improved growth and productivity observed following K2 applica-
tion may reflect the combined effects of enhanced plant vigor and improved adaptation to
environmental stress, as previously reported for protein-based biostimulants [26,29–31].

The results therefore provide evidence that animal-derived protein hydrolysates can
improve maize performance under non-irrigated conditions in drought-prone environ-
ments. However, further research incorporating physiological and biochemical mea-
surements would be required to clarify the processes underlying these responses and
to determine how such products influence plant functioning under water-limited condi-
tions [29–31,39,40].

3.4. Comparison Among the Tested Formulations

The screening phase demonstrated clear differences among the tested formulations.
Although all selected products improved maize productivity relative to the untreated
control, K2 consistently produced the highest agronomic response. During 2020–2022, K2
applied at 10 L ha−1 recorded the highest mean grain yield among all evaluated treatments
and remained the best-performing formulation during the subsequent validation phase.

The differences observed among formulations may be related to variations in protein
source, peptide composition, hydrolysis technology, and physicochemical characteristics.
FM1 and FM2 were collagen-based products characterized by high protein concentrations,
whereas K2 was obtained from keratin-rich wool residues.

Even if the physiological mechanisms responsible for the observed responses were
not investigated directly, previous studies have reported that protein hydrolysates may
improve nutrient acquisition, plant growth, and tolerance to abiotic stress. The higher grain
yields observed in the present study are consistent with these previously reported effects,
although additional physiological investigations are required to clarify the mechanisms
involved under field conditions [42,46–50].

The KC formulation, which combined collagen and keratin hydrolysates with sup-
plementary nutrients, also produced high yields and was statistically grouped with K2
at the highest application rate during the screening phase. However, the consistently
superior performance of K2 suggests that peptide composition and biological activity may
play a more important role than nutrient supplementation alone in determining overall
biostimulant effectiveness.

3.5. Comparison with Previous Studies

The results obtained in the present study are consistent with previous investigations
reporting positive effects of protein-based biostimulants on crop growth and productivity
under drought conditions. Numerous studies have demonstrated that protein hydrolysates
improve plant establishment, nutrient uptake, photosynthetic performance, and stress
tolerance, resulting in increased biomass accumulation and grain yield [35,51–56].

The yield increases observed in the present experiment, ranging from approximately
14% to 42% depending on year and application rate, are within the upper range of responses
reported for commercial biostimulants applied to maize under water-limited conditions [45].
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Similar positive effects of collagen- and keratin-derived hydrolysates have previously been
reported [48–50], mentioning improvements in seed germination, seedling development,
and maize productivity following the application of animal-derived protein formulations.

An important contribution of the present study is the duration of the field validation.
While most published investigations evaluate biostimulant performance during one or
two growing seasons, the current research covered six consecutive years characterized by
substantial climatic variability. This long-term evaluation provides additional evidence
regarding the stability of biostimulant performance under contrasting environmental
conditions and reinforces the potential value of protein hydrolysates as tools for improving
crop resilience under drought stress.

3.6. Economic Evaluation of Biostimulant Application

The agronomic benefits associated with K2 application were reflected in positive
economic returns throughout the entire experimental period. Net profit ranged from 23.0
to 199.1 EUR ha−1 for the 5 L ha−1 treatment and from 110.8 to 337.3 EUR ha−1 for the
10 L ha−1 treatment. Average net profit across the six-year period reached 108.6 EUR ha−1

for the 5 L ha−1 dose and 206.9 EUR ha−1 for the 10 L ha−1 dose, demonstrating a clear
economic advantage of the higher application rate.

The greatest economic benefits were obtained during years characterized by severe
drought stress, when the relative yield increases generated by K2 were largest. This
observation suggests that the economic value of biostimulant application may increase as
environmental conditions become less favorable and yield losses associated with drought
become more pronounced.

These findings are consistent with previous reports indicating that biostimulants can
contribute not only to improved crop productivity but also to increased farm profitability
through enhanced tolerance to abiotic stress [30,45]. Nevertheless, the economic perfor-
mance of biostimulants remains influenced by crop market prices, product costs, and
annual climatic variability. Consequently, profitability should be evaluated within the
specific agronomic and economic conditions of each production system.

3.7. Innovation, Practical Implications and Study Limitations

The present study provides several original contributions to the current knowledge
regarding agricultural biostimulants. First, the evaluated products were obtained from
collagen- and keratin-rich by-products originating from the leather and food-processing
industries, demonstrating the potential agricultural valorization of materials that are tradi-
tionally considered waste streams. The research therefore contributes to the development
of circular-economy approaches that combine waste recovery with sustainable agricul-
tural production.

Second, the study compared several formulations differing in raw material origin
and hydrolysis technology under identical field conditions, allowing the identification of
formulation-specific responses. Among the tested products, the keratin-based formulation
K2 consistently generated the highest agronomic response, increasing mean grain yield
from 52.06 q ha−1 in the untreated control to 64.91 q ha−1 at the 10 L ha−1 application rate
during the six-year experimental period, while also providing the highest economic return.

A major strength of the research is the six-year duration of the field experiment. Long-
term field validations of biostimulants remain relatively uncommon, particularly under
non-irrigated conditions and under naturally occurring drought stress. The inclusion of
years with contrasting temperature and precipitation patterns provided a robust assessment
of product performance under realistic farming conditions.
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From a practical perspective, the results indicate that animal-derived protein hy-
drolysates may represent a useful complementary strategy for improving maize produc-
tivity in drought-prone regions. The positive economic returns observed across all ex-
perimental years further support the practical feasibility of integrating animal-derived
biostimulants into commercial maize production systems.

The principal limitation of the study is the absence of direct physiological measure-
ments capable of explaining the mechanisms responsible for the observed agronomic
responses. Future research should therefore include evaluations of photosynthetic activity,
water-use efficiency, nutrient dynamics, antioxidant metabolism, and root development.
Additional studies involving other crops and agroecological conditions would further
clarify the broader applicability of animal-derived protein hydrolysates in sustainable
agricultural systems.

Beyond their agronomic and economic benefits, animal-derived protein hydrolysates
contribute to resource efficiency and waste valorization by transforming industrial by-
products into value-added agricultural inputs. Consequently, their adoption may support
both climate-change adaptation and circular-economy objectives, contributing to the devel-
opment of more sustainable and resilient cropping systems.

4. Materials and Methods
4.1. Products Tested Between 2020 and 2025

The biostimulants evaluated in this study were developed through a collaborative
research programme between the Research and Development National Institute for Textiles
and Leather (INCDTP-ICPI, Bucharest, Romania) and Probstdorfer Saatzucht Romania.
The formulations were obtained from animal-derived by-products originating from the
leather-processing and food industries and were evaluated as foliar biostimulants for maize
cultivation under drought-prone conditions.

The experimental programme was conducted in two consecutive stages. During the
preliminary screening phase (2020–2022), nine biostimulant formulations (FM1, FM2, C,
K1, K2, K3, K4, K5 and KC) were evaluated under field conditions. Based on the agronomic
results obtained during this period, formulation K2 was selected for further validation and
was subsequently tested throughout the 2023–2025 experimental period (Table 10).

Table 10. Biostimulants based on animal-derived collagen and keratin, tested on maize crops between
2020 and 2025.

Biostimulating Products Year−1

2020 2021 2022 2023 2024 2025

Control Control Control Control Control Control
FM1 FM1 FM1 - - -
FM2 FM2 FM2 - - -

C - - - - -
K1 - - - - -
K2 K2 K2 K2 K2 K2
K3 K3 - - - -
K4 - - - - -
K5 - - - - -
KC KC KC - - -

4.1.1. Production Process, Characterisation and Quality Control of the Biostimulants

The experimental biostimulants were obtained through controlled hydrolysis pro-
cesses designed to convert collagen and keratin proteins into soluble fractions. Collagen
hydrolysates were produced from collagen-rich residues generated by the leather and
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food-processing industries, whereas keratin hydrolysates were obtained from sheep wool.
Following hydrolysis, the resulting solutions were filtered, stabilised and conditioned to
ensure the required physicochemical properties before field application.

The analytical characterisation of the formulations included determination of pH, dry
matter content, total nitrogen concentration and protein content. The physicochemical
characteristics of the tested products are presented in Table 11.

Table 11. The main ingredients used in the tested biostimulants.

Biostimulant
Component

Nitrogen (N%) Proteins (%) Dry Substance
(%) pH

C 13.08 73.51 9.63 7.00
FM1 14.65 88.78 28.88 5.67
FM2 14.17 85.87 29.29 5.91
K1 12.64 76.60 10.60 7.00
K2 13.07 79.20 9.26 7.05
K3 12.12 73.45 9.24 6.90
K4 12.71 77.02 7.87 7.00
K5 12.58 76.23 7.79 7.00
KC 8.00 47.69 14.87 6.84

The analytical parameters presented in Table 11 were determined for each formulation
prior to field application. The products were characterized by alkaline pH values (6.84–7.05),
protein contents ranging from 7.79% to 29.29%, and nitrogen concentrations between 7.87%
and 14.87%. These parameters were used as quality-control indicators to ensure batch-to-
batch consistency throughout the experimental programme.

4.1.2. Regulatory Status and Safety Considerations

All formulations evaluated in this study were experimental biostimulant products
developed for research purposes and tested exclusively under field conditions.

Product handling, storage and application were performed according to the recommen-
dations established by the product developers and in compliance with standard agricultural
safety practices. No phytotoxic symptoms or adverse effects on maize plants were observed
during the experimental period, irrespective of formulation or application rate.

4.2. Experimental Site and Crop Management
4.2.1. Location of the Field Tests and the Pedo-Climatic Conditions

Field experiments were conducted between 2020 and 2025 at the experimental facilities
of Probstdorfer Saatzucht Romania located in Calaras, i County (44.20◦ lat. N, 27.39◦ long. E),
southern Romania.

The experimental site is located within the Bărăgan Plain, one of the most drought-
prone agricultural regions of Romania. The climate is temperate-continental, characterized
by hot summers, frequent rainfall deficits during the growing season, and high interannual
variability in precipitation. These conditions provide a suitable environment for evaluating
drought-mitigation strategies in maize production.

The soils under cultivation are classified as leached, slightly carbonated chernozems,
containing approximately 23.8–25.3% clay and 3.11–3.35% organic matter. The soil is
relatively permeable to water, indicating that water from precipitation is particularly
important. In its absence, irrigation is necessary in order to achieve high agricultural yields.
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4.2.2. Plant Material

The maize hybrid Olt (FAO 430), developed by the National Agricultural Research
and Development Institute Fundulea, was used throughout the study. The hybrid was
selected because of its adaptation to the pedoclimatic conditions of southern Romania and
its previously reported tolerance to drought and high-temperature stress.

4.2.3. Field Experimental Design

During the research period (2020–2025), the field research was conducted in different
designs, according to the management schemes (Figure 5). The modification of the man-
agement layout during the first three years (2020–2022) was motivated by a change in the
number of tested products. During the 2023–2025 period, only the K2 formulation and
the control were maintained in the field trials, corresponding to the product-registration
testing phase.

The experimental scheme comprised two main factors: application dose and biostim-
ulant. The application doses were assigned to distinct blocks, represented by different
application rates, a 10 L ha−1 dose (light green blocks) and a 5 L ha−1 dose (dark green
blocks), each with three replicates of control. Within each dose block, individual biostimu-
lants were arranged in randomized plots, each measuring 10 m in length and 1 m in width
(10 sqm per individual plot), separated by a 1 m buffer zone to prevent cross-contamination
between adjacent treatments.

In 2020–2022, the field experiment was established using a split-plot randomized
complete block design (RCBD) with three independent field replicates. Randomization
was performed annually to minimize the influence of spatial heterogeneity within the
experimental field.

For the last three years (2023–2025), a systematic block design with an alternating
layout was implemented, also with three replicates. The experimental area comprised
12 distinct plots arranged in a 4 × 3 matrix. This systematic spatial distribution was chosen
to maximize the interspersion of treatments, thereby mitigating localized soil heterogeneity,
preventing treatment drift between neighboring plots, and ensuring that environmental
variance was balanced equally across all evaluated variants.

4.2.4. Crop Management for the Trials

The maize was sown between 10 and 15 April of each experimental year, depending
on soil conditions. Row spacing was 70 cm, with 24 cm apart between plants, meaning a
target plant population of 59,523 plants ha−1. All plots received the same conventional
agronomic management throughout the study period.

To ensure consistent results, the study also considered cultivation following the same
preceding crop, namely, wheat, a very common crop rotation in Romania, as these are the
two main agricultural crops.

Basal fertilization was applied before sowing at a rate of 250 kg ha−1 NPK (20-20-0),
supplemented with 120 kg N ha−1 as ammonium nitrate applied at the 6–8 leaf stage. No
irrigation was used during the experimental period.

At physiological maturity (1–5 October, every year), plants from the research plots
were harvested manually. Grain yield was determined after shelling and adjusted to a
standard moisture content of 14%. Yield values were expressed as q ha−1.
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Figure 5. The layout used for the placement of research plots in different years: (a) 2020, (b) 2021,
(c) 2022, (d) 2023–2025.
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4.2.5. Crop Protection Practices for the Trials

Weed control was performed using a post-emergence herbicide treatment at the
4–6 leaf stage of maize (BBCH 14–16). To control annual grass weeds, volunteer win-
ter wheat, and broadleaf weed species, a tank mixture of nicosulfuron (1.0 L ha−1) and
dicamba (0.6 L ha−1) was uniformly applied across all experimental plots.

At the 7–8 leaf stage (BBCH 17–18), a preventive fungicide treatment containing azoxys-
trobin and cyproconazole (0.75 L ha−1) was applied uniformly throughout the experimental
field to minimize the potential influence of foliar diseases, including northern corn leaf
blight (Exserohilum turcicum), on crop development. Because wheat was the preceding
crop, disease prevention was considered necessary to maintain uniform phytosanitary
conditions. All plots, including the untreated control, received identical crop-protection
measures, thereby ensuring that observed differences in plant growth and grain yield were
attributable primarily to the evaluated biostimulant treatments.

4.3. Foliar Application Procedure

Biostimulants were applied twice during the growing season: at the 4–6 leaf stage
(BBCH 14–16) and at the 7–8 leaf stage (BBCH 17–18). The foliar applications of the tested
biostimulant formulations, at doses of 5 L ha−1 and 10 L ha−1, were strictly timed to coin-
cide with critical physiological windows for yield component determination, specifically at
the 4–6 leaf stage (BBCH 14–16) and at the 7–8 leaf stage (BBCH 17–18).

To ensure high distribution uniformity and precise dosing across the individual 10 sqm
experimental plots, treatments were applied using a calibrated, CO2-pressurized plot
backpack sprayer equipped with a handheld boom fitted with flat-fan nozzles (TeeJet
XR 11002, Wheaton, IL, USA). The equipment was calibrated to deliver a constant spray
volume equivalent to a standard field water rate of 250 L ha−1.

To prevent cross-contamination and treatment drift between adjacent variants within
the systematic alternating layout, foliar applications were carried out under strict meteoro-
logical conditions:

• wind below 2.0 m s−1, monitored using a portable anemometer;
• air temperatures below 25 ◦C—in early morning (07:00–09:00), to minimize evaporative

losses, prevent stomatal closure caused by midday heat stress, and avoid leaf scorch
(phytotoxicity);

• no precipitation for at least 12 h—to ensure optimal cuticular absorption.

The absolute volume of biostimulant and working solution allocated per 10 sqm
plot was mathematically calculated based on the designated hectare rates (5 L ha−1 and
10 L ha−1), ensuring exact concentration delivery. Control plots (K0) were sprayed simul-
taneously with an equivalent volume of pure water to maintain uniform mechanical and
hydrological conditions across the entire trial.

4.4. Plant-Height Measurements

For each individual 10 sqm plot, a representative sample of 10 randomly selected
maize plants from the central rows—excluding border plants to eliminate edge effects—was
permanently marked for longitudinal tracking. Plant height was measured manually using
a graduated telescopic measuring rod with an accuracy of ±0.5 cm.

The measurements were taken from the soil surface level up to the highest visible
leaf arch under natural, unextended positioning. The individual plant data per plot were
then averaged to obtain a single mean height value per treatment replicate for subsequent
statistical analysis.
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4.5. Yield Calculation

Maize grain yield was determined at physiological maturity by harvesting all plants
from the useful area of each experimental microplot. After harvesting, the ears were
manually shelled and the grain mass was recorded using a calibrated electronic balance
with an accuracy of ±0.01 kg.

Grain moisture content was measured at harvest using a portable grain-moisture
meter and, in the laboratory, a Infratec 1241 FOSS grain analyzer. To ensure comparability
among treatments and years, grain yields were standardized to the reference moisture
content of 14% according to the following equation:

Y14% = Yh(
100 − Mh
100 − 14

)

where Y14% represents the grain yield corrected to 14% moisture (kg), Yh is the harvested
grain yield (kg) and Mh is the grain moisture content at harvest (%).

The corrected grain yield obtained from each microplot was converted to yield per
hectare using the following equation:

Yha =
Y14% × 10, 000

A

where Yha represents the grain yield (kg ha−1), Y14% is the grain yield corrected to 14%
moisture (kg) and A is the harvested plot area (sqm).

The final results were expressed as quintals per hectare (q ha−1), where 1 q = 100 kg.

4.6. Climate Monitoring

To accurately interpret the agronomical responses of the Olt maize hybrid and the
efficacy of the biostimulant treatments across the experimental years, macro-climatic pa-
rameters were monitored personally on-site throughout the entire period (2020–2025).

Environmental parameters were recorded daily using reliable, standard agricultural
monitoring instruments positioned within the experimental area:

• a standard analog maximum–minimum thermometer housed in a ventilated weather
shelter to prevent direct solar radiation interference;

• a standard agricultural cylindrical rain gauge (pluviometer) with a graduated
scale (mm).

The collected data for temperatures and precipitations were noted daily and calculated
at the end of each month.

To evaluate the extent of recent climate deviations during the experimental period
(2020–2025), the personally collected on-site meteorological data were compared against the
historical standard reference normal of 1981–2010, for Calarasi county, obtained from the
NOAA National Centers for Environmental Information (NCEI) WMO Climate Normals
database for Romania [44].

4.7. Economic Evaluation of Biostimulants

The economic performance of K2 application was assessed using grain-yield increases
recorded during the validation phase. Additional income was calculated from the difference
between treated and untreated variants using an average maize grain price of 200 EUR t−1.

Product costs were calculated according to the commercial price of K2 (5 EUR L−1), cor-
responding to application costs of 25 EUR ha−1 for the 5 L ha−1 treatment and 50 EUR ha−1

for the 10 L ha−1 treatment.
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Net profit was calculated as:

Net profit (EUR ha−1) = Additional income − Product cost

Economic indicators were determined separately for each year and treatment dose.
The economic calculations did not include additional machinery or labor expenses

because the biostimulant applications were integrated into existing crop-protection opera-
tions already scheduled within the production system. Consequently, no additional field
passes were required beyond standard farm management practices.

4.8. Statistical Analysis

Statistical analyses were performed using XLSTAT 2026.1.1 software (Addinsoft, Paris,
France). Analysis of variance (ANOVA) was applied to evaluate the effects of year, biostim-
ulant formulation, and application dose on plant height and grain yield. When significant
differences were detected, treatment means were separated using Duncan’s Multiple Range
Test at p ≤ 0.05. Principal Component Analysis (PCA) was used to explore relationships
among plant growth, yield, and climatic variables.

During the screening phase (2020–2022), a three-factor analysis of variance (ANOVA)
was applied using year, biostimulant formulation, and application dose as fixed factors.
Additional ANOVA models including the untreated control were subsequently performed
to compare all treatment–dose combinations.

For the validation phase (2020–2025), data were analyzed using a two-factor ANOVA
with year and K2 dose as fixed factors.

When significant treatment effects were detected, mean separation was performed
using Duncan’s multiple range test at p ≤ 0.05. Fisher’s least significant difference (LSD)
values were calculated to facilitate pairwise comparisons.

Multivariate relationships among plant height and grain yield variables were inves-
tigated using Principal Component Analysis (PCA). Climatic variables were integrated
through descriptive analyses and heat-map visualization to evaluate relationships between
treatment response and environmental conditions.

All statistical tests were considered significant at p ≤ 0.05.

5. Conclusions
This six-year field study (2020–2025) demonstrated that foliar biostimulants derived

from animal collagen and keratin hydrolysates can effectively improve maize growth and
productivity under non-irrigated conditions in southern Romania. Significant differences
among formulations were identified during the screening phase (2020–2022), with the
keratin-based formulation K2 providing the most consistent agronomic response.

Statistical analyses confirmed that both experimental year and biostimulant treat-
ment significantly influenced maize performance. During the screening phase, K2 applied
at 10 L ha−1 achieved the highest mean grain yield (87.71 q ha−1), significantly exceed-
ing the untreated control (70.94 q ha−1). During the validation phase, K2 application
increased mean grain yield from 52.06 q ha−1 in the control to 58.74 and 64.91 q ha−1

at application rates of 5 and 10 L ha−1, respectively. Plant height measured after foliar
applications followed a similar pattern, indicating a positive effect on vegetative growth
and crop development.

The beneficial effects of K2 were maintained across years characterized by contrasting
climatic conditions. Yield advantages were particularly evident during seasons with
pronounced precipitation deficits and elevated temperatures, confirming the capacity
of animal-derived protein hydrolysates to improve performance under drought-prone
field conditions. These results support the hypothesis that keratin-based biostimulants
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may contribute to improving maize resilience in rainfed agricultural systems increasingly
exposed to climate variability.

From an economic perspective, K2 application generated positive returns under all
climatic scenarios evaluated. Average net profit reached approximately 109 EUR ha−1 for
the 5 L ha−1 treatment and 207 EUR ha−1 for the 10 L ha−1 treatment, demonstrating that
the agronomic benefits were accompanied by measurable economic gains. The highest
profitability was recorded in years with severe drought stress, highlighting the practical
value of biostimulant use as a risk-mitigation strategy.

Beyond their agronomic performance, the tested products offer additional sustainabil-
ity benefits because they are produced from collagen- and keratin-rich residues originating
from the leather and food-processing industries. Their utilization contributes to the val-
orization of industrial by-products and supports circular-economy approaches aimed at
reducing waste while improving agricultural productivity.

Although the study demonstrated consistent positive effects under commercial field
conditions, further research should investigate the physiological and molecular mechanisms
underlying the observed responses, including effects on photosynthetic activity, water-use
efficiency, antioxidant metabolism, nutrient dynamics, and root architecture. Validation
across additional maize hybrids, soil types, and agroecological regions would further
strengthen the applicability of animal-derived biostimulants as climate-adaptation tools for
sustainable crop production.

The results indicate that keratin-based biostimulants, particularly K2 applied at
10 L ha−1, represent a promising and economically viable strategy for improving maize
productivity and drought tolerance under the increasingly challenging climatic conditions
of southeastern Europe.

The six-year field validation demonstrated that animal-derived protein hydrolysates
can represent an effective strategy for mitigating drought-induced yield losses in maize
cultivated under non-irrigated conditions. Among the tested formulations, K2 consistently
produced the strongest agronomic response, increasing mean grain yield by 24.7% at
10 L ha−1 compared with the untreated control. The effectiveness of K2 was particularly
evident during severe drought years, when yield improvements exceeded 40%. In addition
to its agronomic benefits, K2 generated positive economic returns in all experimental
years and supports circular-economy principles through the valorization of keratin-rich
industrial by-products. These findings indicate that keratin-based biostimulants may
become a valuable component of climate-adaptation strategies for maize production in
drought-prone regions of southeastern Europe.

6. Patents
Patent application, OSIM, no A/00666 from 02.10.2022, “Processes for Obtaining and

Structured Emulsion, based on Protein Hydrolysate and Surfactants, with Application in
Agriculture”, Gaidau C., Simion D., Berechet M.D., Becheritu M., Horoias R., Cioineag C.F.,
Borovina P-M., Nica A-O., published by OSIM in Official Bulletin of Industrial Property,
no. 4, 2024, pg. 37.

FERTI KER, plant biostimulant, Registration decision number: 5612, 21.08.2023, Cen-
tral Institute of Agricultural Control and Testing, Brno, Czech Republique.
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