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Introduction

Human activities are a significant driver of the degradation 
of both natural and urban environments, ultimately lead-
ing to the loss of biodiversity and essential ecosystem ser-
vices. Among these activities, quarrying has a particularly 
significant environmental impact, as it alters the structure 
and functioning of ecosystems, especially in Mediterra-
nean areas, where it not only accelerates soil erosion but 
also represents a significant threat to local biodiversity. In 
the Campania Region of southern Italy alone, it has been 
estimated that quarries occupy, approximately, 227  km² 
of land (Regione Campania 2017). Here, the extraction of 
limestone and other materials leads to the complete removal 
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Abstract
The degradation of natural and urban areas due to human activities has intensified in recent decades, leading to significant 
biodiversity loss and decline in ecosystem service. In this context, the revegetation with native Mediterranean sclerophyl-
lous shrubs represents a promising strategy for the recovery of overexploited environments. This study evaluated the suit-
ability of two organic substrates—compost (C) and a compost-poultry manure mix (CP)— obtained from domestic waste 
and green refuse, as growing media for three Mediterranean species (Quercus ilex L., Phillyrea angustifolia L., Laurus 
nobilis L.) to restore degraded sites. To assess the effects of substrate type and climate on primary production, three plant 
species were cultivated for one year in mesocosms containing limestone debris, which was amended with either C or CP, 
and leaf gas exchanges as well as key eco-physiological traits were monitored across seasons. Results showed that plants 
on CP exhibited higher photosynthetic rates compared to those on C substrate, with increases of 25%, 12%, and 20% 
for Q. ilex, P. angustifolia, and L. nobilis, respectively, accompanied by greater height and trunk diameter for all spe-
cies. Notably, during the summer drought period, CP plants maintained enhanced carbon fixation—22%, 25%, and 37% 
higher than C plants for the respective species. One year after, organic matter (OM) in the CP substrate had decreased by 
44%, compared to only 7% in the C substrate, suggesting more rapid utilization by the plants. The readily available OM 
and the higher water-holding capacity of CP substrate (+ 54% after one year)), presumably contributed to the improved 
photosynthetic and transpiration rates during summer. Among species, Q. ilex demonstrated the highest resilience under 
challenging environmental conditions. Overall data suggests that the CP substrate is more effective than the C in promot-
ing plant growth and offers significant potential for the recovery of degraded sites, such as disused quarries.
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of vegetation and topsoil, resulting in areas highly suscep-
tible to erosion. Steep slopes, where the loss of protective 
vegetation and soil cover significantly increases erosion 
risks, undergo degradation that not only hampers natural 
regeneration processes but also poses substantial challenges 
for ecological restoration (Carabassa et al. 2020; Zhu et al. 
2024).

The removal of native vegetation during quarrying 
activities disrupts the habitat structure of the Mediterranean 
maquis, leading to a decline in plant and animal diversity. In 
this context, it is crucial to find suitable solutions to mitigate 
the adverse effects of quarrying practices. Revegetation of 
exploited areas using native Mediterranean sclerophyllous 
shrubs is a promising strategy for restoring overexploited 
ecosystems, such as abandoned quarries. Previous studies 
have shown that the introduction of native species in lime-
stone quarry rehabilitation promotes the establishment of 
diverse plant communities, thus contributing to soil stabili-
zation and habitat restoration (Scotton and Andreatta 2021).

Several studies have also demonstrated the effective-
ness of in-situ remediation technologies for refurbishing 
degraded areas and maintaining ecosystem services (Maisto 
et al. 2010; Oldfield et al. 2015; Zhang et al. 2019). In par-
ticular, the addition of organic amendments to the soil is 
particularly valuable because it reduces the metal avail-
ability for crops (Abad-Valle et al. 2016) and is also a cost-
effective and environmentally friendly practice, supporting 
the circular economy and recycling of renewable resources 
(Islam et al. 2024).

A significant advantage of adding organic amendments 
to the soil is the improvement of soil-plant water relation-
ships, which positively influences soil quality and plant 
productivity. However, it is noteworthy that the soil water 
retention capacity after the amendment application can vary 
over time, depending on the type of manure (Kallenbach 
et al. 2019). Generally, the addition of labile organic mat-
ter results in rapid decomposition, decreasing the long-term 
benefits associated with the good water retention. Besides 
soil-plant water dynamics, organic amendments also mod-
ify the soil carbon-to-nitrogen (C/N) ratio over time (Aver-
ett et al. 2017) either promoting nitrogen mineralization or 
its immobilization (Marzi et al. 2020). Initially, the nitro-
gen provided by organic amendments promotes rapid plant 
growth, also favoring decomposition and mineralization. 
In particular, a high nitrogen supply enhances the overall 
health status and photosynthesis of plants by increasing 
chlorophyll synthesis, Rubisco activity, photosystem II pho-
tochemical efficiency and electron transport rate (Arena et 
al. 2005; Mangalassery et al. 2019; Soualiou et al. 2023; 
Wei et al. 2024). However, nitrogen use efficiency tends to 
decrease in the long term as plants begin to compete with 

soil microorganisms for nitrogen uptake, particularly in 
overexploited soils (Yang et al. 2015; Kitonyo et al. 2018).

Numerous experimental trials have demonstrated the 
benefits of adding compost to inert substrates or nutrient-
poor soils for restoring urban areas and degraded sites, 
such as disused quarries (Maisto et al. 2010; McGrath et al. 
2020). Previous research has shown that incorporating com-
post or a mixture of compost and poultry manure into quarry 
debris significantly alters the physical, chemical, and bio-
logical properties of the substrate, both in the short term and 
long term (Memoli et al. 2017). It is widely accepted that 
the use of compost from animal or plant origin, along with 
poultry manure enhances nutrient availability and improve 
soil structure, thus supporting plant growth, especially in 
overexploited agricultural or urban soils (Baldantoni et al. 
2015, 2016; Forge et al. 2016; Tao et al. 2024). However, 
while most studies have focused on soil properties, less 
attention has been paid to the physiological response of 
plants to short and long-term amendment addition, particu-
larly in sclerophyllous species of the Mediterranean maquis, 
which play a crucial role in ecosystem services and have 
significant potential for urban greening strategies (Vitale et 
al. 2024).

The benefits of organic amendments on plants can vary 
depending on the amendment type. Generally, substrates 
rich in humic substances release nutrients gradually, result-
ing in long-lasting positive effects on both plants physio-
logical attributes and soil microorganism functions, while 
nitrogen-rich amendments tend to promote rapid plant 
growth (Memoli et al. 2017; da Silva Oliveira et al. 2017). 
Furthermore, intrinsic factors such as the plant ability to uti-
lize available resources, and seasonal variations in growth 
and photosynthesis, can strongly influence plant physiologi-
cal response to fertilizers and cannot be ignored.

This study evaluates the effectiveness of two organic 
substrates derived from recycled wastes in supporting the 
growth and physiological performance of three Mediterra-
nean maquis representative species. The use of these sub-
strates not only helps to restore degraded environments 
but also converts waste materials into valuable resources, 
addressing both ecological restoration and waste manage-
ment challenges.

The specific goals of this research are: (1) to compare 
the efficacy of different organic substrates as growing media 
for native Mediterranean species (Quercus ilex L., Phillyrea 
angustifolia L., and Laurus nobilis L.) for ecological resto-
ration and (2) to evaluate how long the potential benefits of 
organic substrates on plant productivity can be sustained. To 
achieve these aims, a mesocosm trial was established in an 
open area under typical Mediterranean climate conditions, 
utilizing two types of organic substrates: compost (C) and a 
mixture of compost and poultry manure (CP) both applied 
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over limestone debris. The photosynthetic performance and 
leaf functional traits of all species were monitored over one 
year, across all seasons to assess the effects of both season-
ality and substrate type.

The employment of native species in this study ensures 
that the outcomes are directly applicable to the Mediterra-
nean maquis ecosystem, as non-native species may respond 
differently in terms of water usage, competition, and eco-
logical interactions. Furthermore, utilizing local species 
enhances the study’s relevance for conservation efforts and 
restoration projects, also providing insights into how these 
species may react to climate change and other anthropo-
genic factors.

Materials and methods

Mesocosm setting up

Fourteen mesocosms (pot diameter: 1 m, pot height: 1 m) 
were set up for the experiment. Each mesocosm was filled 
with a bottom layer (0–60  cm depth) of limestone debris 
of different granulometry derived from abandoned quarries, 
and an upper layer (60–90 cm depth) consisting of organic 
matrices, either compost (C) or compost mixed with poul-
try manure (CP). More specifically, seven mesocosms were 
filled with compost mixed with expanded clay pellets (v: 
v = 70:30) placed on limestone debris, and the remain-
ing seven were filled with a mixture of compost, poultry 
manure, and expanded clay pellets (v: v:v = 60:10:30), also 
placed above the limestone debris. Each mesocosm received 
150  kg fresh weight (f.w.) of compost, corresponding to 
approximately 1900 t/ha. The compost used in the experi-
ment was produced by a local company (Pomigliano Ambi-
ente S.p.A., Pomigliano, Naples, Italy) and derived from the 
organic part of municipal waste and green waste from tree 
pruning.

The experimental setup did not include a control consist-
ing only of limestone debris without organic substrate, as 
such settings would not have supported adequate plant root-
ing especially for sclerophyllous species, which are charac-
terized by extensive root systems that represent the major 
portion of their total biomass (Sanesi et al., 2012). There-
fore, this study compared the physiological performance of 
plants grown on C and CP substrate to assess which of the 
two is the most suitable for plant growth.

The mesocosms were placed outdoor in an open area at 
the Biology Department of the University of Naples Fed-
erico II (Naples, Italy) (40°51’40.89” N; 14°15’44.86” S) at 
temperature and rainfall conditions typical of the Mediter-
ranean area (Fig. 1).

The two organic substrates were characterized at the 
beginning and at the end of the experiment (after one year) 
for organic matter content, water holding capacity, pH, car-
bon (C) and nitrogen (N) content and total and available 
nutrients (Table 1). The t-tests and confidence intervals are 
reported in Table 1S.

In each mesocosm, three native sclerophyllous shrubs of 
2-year-old, typical of the Mediterranean maquis, were trans-
planted. These included two specimens each of L. nobilis 
L. (bay tree), P. angustifolia L. (jasmine box), and Q. ilex 
L. (holm oak), for a total of six specimens per mesocosm 
(Fig.  1S). Plants used in the experiment were provided 
by the garden center of the Corpo Forestale dello Stato in 
Sabaudia (Latina, Italy).

From March 2004 to March 2005, in vivo measurements 
of gas exchange and chlorophyll a fluorescence emission 
were conducted on all three species across the four seasons: 
spring, summer, autumn, and winter to evaluate their pho-
tosynthetic activity. Additionally, leaf water content (LWC), 
carbon (C) and nitrogen (N) concentration were measured 
on the same leaves used for gas-exchange analyses. As a 
proxy for plant growth, plant height and stem diameter 
were estimated at the beginning of the experiment and after 
one year of plant establishment on the different substrates 
(Table 2S).

Leaf water content, and C and N determination

For each mesocosm and season, five fully expanded green 
leaves of holm oak, bay tree, and jasmine box were collected 
to determine leaf water content (LWC). LWC was evaluated 
gravimetrically by weighing fresh leaves and reweighing 
them after oven-drying samples at 75 °C.

For carbon (C) and nitrogen (N) analysis, five leaves per 
species were pooled for each mesocosm. After the oven-
dried samples were ground into a fine powder by an agate 
mortar and pestle (Fritsch Analysette Spartan 3 Pulverisette 
0) and for each pooled sample four sub-samples were anal-
ysed using an elemental analyser (CNS analyser—Thermo 
Finnigan) as reported in De Marco et al. (2013).

Leaf gas exchange and chlorophyll a fluorescence 
analysis

Leaf gas exchange measurements were conducted using a 
portable gas-exchange system (HCM-1000, Heinz, Walz 
GmbH, Effeltrich, Germany) simultaneously with chlo-
rophyll fluorescence analyses using a pulse amplitude 
modulated fluorometer (MINI-PAM, Heinz, Walz GmbH, 
Effeltrich, Germany), as reported in Vitale et al. (2012).

In the early morning (07:00–08:00 a.m.), leaves were 
darkened for 30 min to determine the dark respiration (Rd) 
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in cuvette, at the reaching of the steady state for net CO2 
assimilation.

The steady-state fluorescence signal (Ft) and the maximal 
fluorescence (Fm’) under illumination were measured by 
setting light measure at a frequency of 20 kHz. The quantum 
yield of PSII linear electron transport (ΦPSII) was estimated 
according to Genty et al. (1989) and used for the calculation 
of linear electron transport rate (ETR) following Krall and 
Edwards (1990). Thermal dissipation of excess absorbed 
light was expressed by Stern-Volmer non-photochemical 
quenching (NPQ) and calculated as (Fm-Fm

’)/Fm
’ follow-

ing Bilger and Björkman (1990). Gas exchange parameters 
were calculated according with equations reported in von 
Caemmerer and Farquhar (1981). The water use efficiency, 
WUE, was calculated as the AN/E ratio, while the apparent 
carboxylation efficiency as the AN/Ci ratio, where Ci repre-
sents the intercellular CO2 concentration. Furthermore, the 
ratio between linear electron transport rate and net photo-
synthesis (ETR/AN) has been used to indicate the electron 
transport utilized by acceptors other than CO2 (Krall and 
Edwards 1990; D’Ambrosio et al. 2006).

and the maximal PSII photochemical efficiency (Fv/Fm). For 
Fv/Fm calculation, the background fluorescence signal, F0, 
was induced by light of 0.5 µmol photons m− 2 s− 1 at the 
frequency of 0.6 kHz, whereas a 1s saturating light pulse 
of 10,000 µmol photons m− 2 s− 1 was applied to determine 
the maximal fluorescence level in the dark-adapted state, 
Fm. Fv/Fm was calculated according to Kitajima and Butler 
(1975) as the ratio between the variable fluorescence, Fv (Fm 
−F0) and Fm.

Net photosynthesis (AN), stomatal conductance (gs-H2O), 
transpiration rate (E), and quantum yield of PSII electron 
transport (ΦPSII) were measured from 12:00 a.m. to 2:30 
p.m. under seasonal conditions of temperature and relative 
humidity, and PPFD of 1,000 µmol photons m− 2 s− 1. Leaves 
were illuminated using an external light source (1050-H - 
Walz) placed on the cuvette plane. Photosynthetic light 
response curves were previously carried out to assess the 
light-saturated photosynthetic rate. This value correspond-
ing to 1000 µmol photons m− 2s− 1 for all three species, was 
utilized to determine light intensity during gas exchange 
measurements in the field (Maisto et al. 2010). The mea-
surements were acquired after 8–10 min from leaf enclosure 

Fig. 1  Monthly mean of precipitations and temperatures in the experimental sampling period of one year
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applied using Bray–Curtis distance matrices. This analysis 
was carried out using the ADONIS function with 999 per-
mutations, along with the pairwise.perm.manova function, 
also with 999 permutations, to assess the leaf characteristic 
values.

Furthermore, to investigate significant differences 
(α = 0.05) in leaf traits across the four sampling seasons in 
relation to substrate treatment and among different plant 
species within each season, PERMANOVA analyses was 
applied with Bray–Curtis distance matrices. Pairwise com-
parisons were conducted using the pairwise.perm.manova 
function, with 999 permutations applied to leaf trait values. 
Non-metric multidimensional scaling (NMDS) based on 
Bray–Curtis distance was performed to show leaf trait vari-
ation in relation to treatments, plant species and seasons.

All the statistical analyses, including one-way ANOVAs, 
paired t-tests, linear mixed models (using the lme4 package) 
and NMDS (using the vegan packages) were performed in 
the R3.6.2 programming environment (R Development 
Core Team), while the graphical representation was created 
using SigmaPlot12 software (Jandel Scientific, San Rafael, 
CA, USA).

Results

Overall trend of leaf analysis

The linear mixed effect model applied to data collected over 
one year revealed that leaf characteristics mainly depended 

Statistical analyses

The normality of the data distribution was performed by 
the Shapiro-Wilk test (for α = 0.05). When the data did not 
match the basic assumptions of normality and homoscedas-
ticity required for parametric statistics, a Log10 function was 
applied to normalize the data. Differences between treat-
ments (compost vs. compost mixed with poultry manure) 
within the same plant species were analysed by paired t-tests 
(for α = 0.05), while differences among plant species within 
the same treatment were assessed by one-way ANOVA fol-
lowed by the Duncan’s post hoc test (for α = 0.05).The direct 
influences of plant species and treatment (compost vs. com-
post mixed to poultry manure) on leaf functional traits (N 
and C content, and LWC), photosynthetic (AN, gs-H2O, E, 
ΦPSII, NPQ) characteristics and on derived gas exchanges 
parameters (WUE, ETR/AN, AN/Ci,), were assessed by 
linear-mixed effects (LME) models. For each leaf charac-
teristic, the influence of plant species and treatment, con-
sidered as fixed effects, and of sampling season, regarded as 
a random effect, was calculated using restricted maximum 
likelihood (REML), the better estimation of variance com-
ponents for the present dataset. The significant impacts and 
interactions among plant species, substrates and sampling 
seasons on leaf characteristics were calculated by compar-
ing models, using the likelihood ratio test with the ANOVA 
function (for α = 0.05).

To evaluate significant differences (α = 0.05) in leaf traits 
in relation to substrates and plant species, permutational 
multivariate analyses of variance (PERMANOVA) was 

2004 2005
C CP C CP

pH 7.70 ± 0.00a 6.80 ± 0.06B 7.94 ± 0.14a 8.06 ± 0.09A

OM (% d.w.) 31.2 ± 1.71a 39.1 ± 1.01A 28.9 ± 1.21a 21.8 ± 1.14B

WHC (% d.w.) 33.09 ± 2.21a 51.52 ± 15.49A* 30.0 ± 0.37a 46.3 ± 0.32A

C (% d.w.) 17.8 ± 0.95b 18.3 ± 2.79A* 18.7 ± 2.48a* 12.0 ± 0.72B

N (% d.w.) 1.57 ± 0.10b 1.62 ± 0.11A 2.01 ± 0.22a* 1.40 ± 0.07A

Cdtot (µg g− 1 d.w.) 0.39 ± 0.03a* 0.27 ± 0.04A 0.33 ± 0.03a* 0.21 ± 0.04A

Cutot (µg g− 1 d.w.) 139 ± 2.75b 131 ± 4.92B 203 ± 14.5a 164 ± 6.03A

Fetot (mg g− 1 d.w.) 22.4 ± 1.29a 22.0 ± 1.06A 12.3 ± 0.42b 17.1 ± 1.14B

Ktot (mg g− 1 d.w.) 23.5 ± 1.08a 26.1 ± 1.02A* 19.7 ± 1.06b 23.5 ± 1.06B*

Mgtot (mg g− 1 d.w.) 8.94 ± 0.52a 8.81 ± 0.42A 3.87 ± 0.52b 7.81 ± 0.53A*

Natot (mg g− 1 d.w.) 5.27 ± 0.33a 5.72 ± 0.33A 4.48 ± 0.24a 5.77 ± 0.15A

Nitot (µg g− 1 d.w.) 25.2 ± 0.61b 20.7 ± 1.01B 30.1 ± 0.68a 28.5 ± 1.54A

Zntot (mg g− 1 d.w.) 0.41 ± 0.01b 0.40 ± 0.01A 0.56 ± 0.05a* 0.35 ± 0.02A

Cdava (µg g− 1 d.w.) 0.20 ± 0.01a 0.20 ± 0.01A 0.25 ± 0.02a 0.18 ± 0.01A

Cuava (µg g− 1 d.w.) 19.5 ± 1.76a 32.1 ± 0.80A* 13.9 ± 0.99b 14.8 ± 0.98B

Feava (µg g− 1 d.w.) 0.37 ± 0.04a 0.44 ± 0.02A 0.26 ± 0.02b 0.16 ± 0.01B

Kava (µg g− 1 d.w.) 4.29 ± 0.26a 5.72 ± 0.42A 0.96 ± 0.02b 3.46 ± 0.65B*

Mgava (µg g− 1 d.w.) 0.88 ± 0.04a* 1.18 ± 0.08A* 0.69 ± 0.05a 1.10 ± 0.11A

Naava (µg g− 1 d.w.) 0.51 ± 0.04 a 0.63 ± 0.05A 0.06 ± 0.00b 0.32 ± 0.08B

Niava (µg g− 1 d.w.) 1.22 ± 0.20 a 2.46 ± 0.19A 0.95 ± 0.11b 0.62 ± 0.04B

Znava (µg g− 1 d.w.) 0.11 ± 0.01a 0.14 ± 0.01A 0.12 ± 0.01a* 0.09 ± 0.01B

Table 1  Mean values (± s.e.) of 
pH, organic matter (OM), water 
holding capacity (WHC), carbon 
(C) and nitrogen (N) content, 
total (tot) and available (ava) 
nutrients at the beginning and the 
end of the experiment (2004–
2005) in the two substrates: com-
post (C) and Compost + Poultry 
manure (CP). Asterisks indicate 
the significant differences 
between substrates (C vs. CP) at 
each sampling time. Letters indi-
cate the significant differences for 
C (lower letters) and CP (upper 
letters) substrates at different 
sampling times (2004 vs. 2005). 
The significant differences were 
assessed through t-test or signed 
rank test according normal or not 
normal data distribution
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during the spring, whereas in summer, they were primarily 
associated with N, NPQ, and ETR/AN (Fig. 3).

The effect of plant species on physiological and func-
tional traits across seasons showed significant differences 
(PERMANOVA test, P = 0.05) among the species in all sea-
sons (Fig. 4). In spring (Fig. 4a), Q plants were primarily 
characterized by high transpiration rate (E) and stomatal 
conductance to water vapor (gs-H2O), whereas Ph plants 
were mainly associated to carbon content (C) and leaf 
water content (LWC). In contrast, L plants were defined by 
higher nitrogen content (N), non-photochemical quenching 
(NPQ), and ratio of electron transport to net photosynthe-
sis (ETR/AN). In summer (Fig. 4b), Q plants were mainly 
characterized by net photosynthesis (AN), quantum yield of 
photosystem II (FPSII), and water use efficiency (WUE), Ph 
plants remained associated with higher carbon content (C), 
while L plants were identified by elevated levels of nitro-
gen (N), leaf water content (LWC) and NPQ. >During fall 
(Fig. 4c), Q plants were associated with gs-H2O and AN, Ph 
plants with FPSII. while L plants were characterized by N, 
LWC, NPQ, and the ETR/AN ratio. Finally, during winter 
(Fig. 4d), Q plants were defined by LWC and E, Ph plants 
were predominantly identified by gs-H2O, whilst L plants 
were characterized by C, N, and WUE.

Differences in leaf functional and photosynthetic 
traits among sclerophyllous grown on compost 
and compost mixed with poultry manure for each 
season

Plant growth on different substrates significantly influenced 
leaf functional traits during the summer and fall seasons 
(Fig.  5). In summer, the leaf water content (LWC) of L 
plants grown on compost (C) was higher (P < 0.05) than that 
of plants grown on compost enriched with poultry manure 
(CP). In contrast, during the fall, LWC was significantly 

on sampling season (random effect) (Table 2), while plant 
species and treatment (fixed effects) had a significant impact 
on leaf properties. Specifically, the investigated plant char-
acteristics, namely N and C leaf concentration, FPSII, NPQ, 
E, gs-H2O, AN, LWC exhibited significant variability based 
on species, while other plant traits, specifically N and C leaf 
concentration, ETR/AN, E, gs-H2O, AN, WUE, AN/Ci dif-
fered in response to the treatment (Table 2).

The effects of manure on plant physiological and func-
tional traits revealed significant differences between the 
two treatments (PERMANOVA test, P < 0.01). More spe-
cifically, plants grown in substrate enriched with compost 
mixed with poultry manure (poultry) were primarily charac-
terized by transpiration rate (E), stomatal conductance (gs-
H2O), and net photosynthesis (AN); in contrast, plants grown 
in substrate amended with compost were mainly defined by 
water use efficiency (WUE), and ratios electron transport 
to net photosynthesis (ETR/AN), and net photosynthesis to 
intercellular CO2 concentration (AN/Ci) (Fig. 2a). Addition-
ally, the influence of plant species on physiological and 
functional traits also showed significant differences among 
the species (PERMANOVA test, P < 0.05). Q. ilex (Q) was 
primarily associated to E, gs-H2O, and AN, while P. angusti-
folia (Ph) was mainly characterized by carbon (C) and nitro-
gen (N) content, and leaf water content (LWC). Lastly, L. 
nobilis (L) was primarily associated to WUE, ETR/AN, and 
AN/Ci (Fig. 2b).

The growth on the two different substrates significantly 
impacted on plant physiological and functional traits across 
the seasons with PERMANOVA test showing strong differ-
ences (P = 0.001) between the two substrates during spring 
and summer (Fig.  3). Plants grown on substrate enriched 
with compost and poultry manure exhibited higher levels 
of E and gs-H2O in both spring and summer. In contrast, 
plants growing on substrate with sole compost were mainly 
characterized by C and N content, LWC, NPQ, and ETR/AN 

Table 2  Statistical report on fixed (species and treatments) and random effect and fixed factors interaction for the investigated physiological and 
functional leaf traits. Nitrogen content (N), carbon content (C), quantum yield of PSII (ΦPSII), non-photochemical quenching (NPQ), electron 
transport to net photosynthesis ratio (ETR/AN), transpiration (E), stomatal conductance (gs-H2O), net photosynthesis (AN), water use efficiency 
(WUE), apparent carboxylation efficiency (AN/Ci), leaf water content (LWC). *P < 0.05; ** P < 0.01; *** P < 0.001

Fixed effect Random effect Residual Interactions between fixed factors
Species Treatment Season Species x Treatment

N F 29.1 *** 5.75 * 16.6 *** 61.9 0.36
C F 15.5 *** 4.04 * 26.9 *** 70.9 0.36
ΦPSII F 5.91 ** 3.58 59.1 *** 40.1 0.15
NPQ F 14.3 *** 1.83 36.6 *** 66.3 0.53
ETR/AN F 0.59 5.93 * 77.1 *** 22.9 1.82
E F 9.49 *** 28.1 *** 49.2 *** 50.8 1.49
gs-H2O 17.3 *** 30.7 *** 66.1 *** 33.9 1.44
AN 8.61 *** 10.4 *** 54.1 *** 48.9 0.48
WUE 0.52 4.72 * 13.7 *** 86.3 0.30
AN/Ci 0.28 6.66 * 14.9 *** 85.1 0.55
LWC 20.3 *** 0.52 42.8 *** 52.2 0.11

1 3

538



Environmental Sustainability (2025) 8:533–548

Fig. 2  Non-metric multidimensional scaling (NMDS) ordination plots 
(first two axes) based on Bray–Curtis distances showing variation in 
leaf characteristics in response to (a) substrate treatments (compost and 
compost mixed with poultry manure) and (b) plant species (Phillyrea 
angustifolia [Ph], Quercus ilex [Q], and Laurus nobilis [L]). The dis-
played leaf characteristics are: Non-photochemical quenching, NPQ; 
Transpiration, E; Nitrogen content, N; Carbon content C; Leaf water 

content, LWC; Water use efficiency, WUE; Net photosynthesis, AN; 
quantum yield of PSII, ΦPSII; Stomatal conductance, gs-H2O; Electron 
transport to net photosynthesis ratio, ETR/AN; Apparent carboxylation 
efficiency, AN/Ci. Significant differences in leaf characteristics among 
plant species and between treatments were reported as P-value in the 
graph (permutational multivariate analysis of variance - ADONIS)
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The gas exchange measurements indicated that growth 
on C substrate did not result in a statistically significant dif-
ference in net photosynthesis (AN) among species during 
spring, summer, and winter. On the contrary, during fall, 
AN was significantly lower (P < 0.01) in Q compared to P 
and L plants (Fig. 6A). Stomatal conductance (gs) and tran-
spiration (E) were statistically higher (P < 0.01) in Q plants 
during spring and in P plants during winter, while no dif-
ference among the species was evidenced in summer and 
fall (see Fig. 6B, C). Plant growth on the CP substrate did 
not result in any differences in AN among the diverse spe-
cies (Fig. 6A). However, during spring and summer, both gs 
and E were significantly lower (P < 0.05) in L compared to 
P and Q plants; conversely, these values were similar across 
all species in in the fall and winter (Fig. 6B, C). Lastly, the 
water-use efficiency (WUE) did not show any statistically 
significant differences among the various sclerophyllous 
species across the seasons or between the different sub-
strates (Fig. 6D).

higher (P < 0.01) in both L and Q plants grown on CP. 
Among the studied species, Q plants consistently exhibited 
the lowest LWC (P < 0.05), except in winter (Fig. 5A).

Conversely to LWC, the effect of substrate on leaf car-
bon (C) concentration was observed only in the spring for P 
species, where a significant decrease (P < 0.01) on CP com-
pared to C substrate was evidenced. In winter, for both P 
and Q plants, there were significant changes: leaf carbon 
concentration (C) increased (P < 0.001) in P grown on CP, 
while it decreased (P < 0.05) in L compared to C (Fig. 5B). 
The highest leaf C concentration (P < 0.05) was found in P, 
except during winter.

The influence of substrate on leaf nitrogen (N) content 
was evident across all seasons except for summer, and its 
impact varied depending on species. Specifically, compared 
to C, N content decreased (P < 0.05) in P plants on CP dur-
ing spring, while it increased (P < 0.01) in Q plants on CP 
during fall. In winter, leaf N content was higher (P < 0.05) in 
both P and Q plants grown on CP compared to C substrate 
(Fig. 5C).

Fig. 3  Non-metric multidimensional scaling (NMDS) ordination plots 
(first two axes) based on Bray–Curtis distances, showing variation in 
plant leaf characteristics of plants grown on different substrates (com-
post vs. compost mixed with poultry manure) across seasons: spring 
(a), summer (b), fall (c), and winter (d). The displayed leaf charac-
teristics are: Non-photochemical quenching, NPQ; Transpiration rate, 
E; Nitrogen content, N; Carbon content C; Leaf water content, LWC; 

Water use efficiency, WUE; Net photosynthesis, AN; Quantum yield 
of PSII, ΦPSII; Stomatal conductance, gs-H2O; Electron transport to 
net photosynthesis ratio, ETR/AN; Apparent carboxylation efficiency, 
AN/Ci. Significant differences in leaf characteristics between substrates 
were reported as P-value in the graph (permutational multivariate anal-
ysis of variance - ADONIS)
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Seasonally variation in leaf functional and 
photosynthetic traits of sclerophyllous grown on 
compost and compost mixed with poultry manure

In summer, leaf water content (LWC) of L plants was signif-
icantly higher (P < 0.05) when grown on the C than CP sub-
strate, while in fall, LWC was statistically higher (P < 0.01) 
in CP than C for both L and Q plants. No statistically signifi-
cant difference was observed between C and CP substrates 
for the same species in winter and spring (Fig. 5A). Regard-
ing leaf carbon concentration (C) P plants exhibited a sig-
nificantly higher C level (P < 0.01) when grown on the C 
substrate during spring, and L plants showed higher C levels 
in winter on the C compared to CP substrate. Conversely, in 
winter, the C concentration in the leaves of P plants signifi-
cantly increased (P < 0.01) when grown on CP compared to 
C substrate, and no difference was found between the same 

On the C substrate, the effective quantum yield of photo-
system II (ΦPSII) significantly increased (P < 0.01) in Q com-
pared to L and P plants, only during the summer and fall. 
At the same time, no significant differences were observed 
in spring and winter (Fig.  7A). Regarding the non-photo-
chemical quenching (NPQ), levels were statistically higher 
(P < 0.01) only in L plants during the fall, with no differ-
ence among species in the other seasons (Fig. 7B). The ratio 
ETR/AN was significantly higher (P < 0.05) in Q plants dur-
ing the summer, and in both L and Q plants during the fall. 
No statistical difference was observed among the species 
in winter and spring (Fig. 7C). On the CP substrate, only 
L plants exhibited a significant decrease (P < 0.05) in ΦPSII 
during the fall, along with a significant increase in NPQ in 
the summer (Fig. 7A, B). The ETR/AN ratio showed no sta-
tistically significant differences among the species across all 
seasons (see Fig. 7C).

Fig. 4  Non-metric multidimensional scaling (NMDS) ordination plots 
(first two axes) based on Bray–Curtis distances, showing variation in 
leaf characteristics among plant species—Phillyrea angustifolia (Ph), 
Quercus ilex (Q), and Laurus nobilis (L) in the four seasons: spring 
(a), summer (b), fall (c), and winter (d). Considered leaf characteris-
tics include: Non-photochemical quenching, NPQ; Transpiration rate, 
E; Nitrogen content, N; Carbon content C; Leaf water content, LWC; 

Water use efficiency, WUE; Net photosynthesis, AN; quantum yield 
of PSII, ΦPSII; Stomatal conductance, gs-H2O; Electron transport to 
net photosynthesis ratio, ETR/AN; Apparent carboxylation efficiency, 
AN/Ci. Significant differences in leaf characteristics among plant spe-
cies were reported as P-value in the graph (permutational multivariate 
analysis of variance - ADONIS)
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this trend also persisted through summer, fall and winter 
(Fig.  6C). Water use efficiency (WUE) was statistically 
higher (P < 0.001) in Q plants grown on C compared to CP 
in winter, while no significant difference among species was 
observed during other seasons (Fig. 6D).

In autumn, the quantum yield of PSII electron trans-
port (ΦPSII) was statistically higher (P < 0.05) in all species 
grown on CP than on C. In summer a similar trend was 
observed in P and L plants (Fig.  7A). Moreover, neither 
non-photochemical quenching (NPQ) nor the ratio ETR/AN 
varied significantly among different sclerophyllous species 
across all seasons. The only exception was represented by 
ETR/AN ratio of Q species which was statistically higher 
(P < 0.05) in plants grown on C than on CP in both spring 
and summer (Fig. 7B, C).

species of plants grown on C and CP during the other two 
seasons (Fig. 5B).

For leaf nitrogen (N) concentration, significant differ-
ences were observed in P plants which showed higher val-
ues (P < 0.05) on C than on CP during spring. On the other 
hand, in autumn, L plants had a higher N concentration 
on CP compared to C, while in winter, both P and Q plant 
species exhibited higher N concentrations (P < 0.05) when 
grown on CP rather than on C (Fig. 5C).

The net photosynthesis (AN) was significantly higher 
(P < 0.01) for all species grown on CP compared to C sub-
strate during the spring and summer, while in the autumn, 
this was also true for L and Q plants (Fig.  6A). During 
spring, stomatal conductance (gs) was statistically higher 
(P < 0.01) in all species grown on CP compared to C sub-
strate, and this pattern continued in the summer for P and Q, 
as well as in the fall for Q plants. However, in autumn and 
winter, gs did not show significant differences among the 
same species on different substrates (see Fig. 6B).

During spring the transpiration rate (E) was statisti-
cally higher (P < 0.05) on CP than C for all species and 

Fig. 5  Mean values (± s.e.) of leaf water content (LWC) (A) and total C 
and N concentrations (B-C) in leaves of P. angustifolia (P, coarse bar), 
L. nobilis (L, empty bar) and Q. ilex (Q, dotted bar) grown on compost 
(white bars) and compost enriched with poultry manure (grey bars) in 

different sampling seasons (Spring, Summer, Fall and Winter). Capital 
letters indicate the differences among the plant species within the same 
treatment. Lowercase letters indicate the differences between the treat-
ments within the same plant species
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cultivation. Plant functional and ecological traits monitored 
over one year evidenced that both seasonality and substrate 
type significantly influenced the physiological performance. 
Compared to C, plant growth on CP substrate significantly 
improved photosynthetic activity in all three species, with 
increases of 25%, 12%, and 20% for Q. ilex, P. angustifo-
lia, and L. nobilis, respectively, indicating that the CP sub-
strate is more idoneous for plant growth. This conclusion 
was further supported by greater trunk diameter and stem 

Discussion

In this study, we evaluated if three representative species of 
the Mediterranean maquis vegetation (Q. ilex, P. angustifo-
lia and L. nobilis) could grow on waste-derived substrates 
(quarry debris) enriched with compost (C) and compost 
mixed with poultry manure (CP) with the primary aim to 
reusing waste materials as idoneous substrates for plant 

Fig. 6  Mean values (± s.e.) of net photosynthesis (AN)(A), stomatal 
conductance (gs)(B), transpiration rate (E)(C), water use efficiency 
(WUE)(D) in leaves of P. angustifolia (P, coarse bar), L. nobilis (L, 
empty bar) and Q. ilex (Q, dotted bar) grown on compost (white bars) 
and compost enriched with poultry manure (grey bars) during differ-

ent sampling seasons (Spring, Summer, Fall and Winter). Capital let-
ters indicate the differences among the plant species within the same 
treatment. Lowercase letters indicate the differences between the treat-
ments within the same plant species
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interactions between plant metabolism and growth on the 
two different substrates. Specifically, after one year, both 
the C and CP substrates exhibited a significant decrease in 
total and available nutrient content; however, this decline 
was more pronounced in the CP medium, suggesting higher 
nutrient availability initially, followed by rapid uptake by 
plants during their growth.

Consistent with the hypothesis that the CP substrate pro-
vides a more readily available reservoir of nutrients for plant 
growth, the reductions in available nutrient and organic 
matter (OM) in the CP substrate were greater: Zn (-36%), Ni 
(-75%), Fe (-64%), Cu (-54%), and OM (-44%), than those 
found in the C substrate: Zn (-9%), Ni (-5%), Fe (-30%), Cu 
(-29%), and OM (-7%). This observation is supported by a 
study conducted on the same mesocosms by Memoli et al. 
(2017), which demonstrated that even 17 years after their 

height observed in plants of the three species grown on the 
CP substrate after one year. The different suitability of C and 
CP substrates was evident, especially during summer, when 
photosynthetic carbon fixation rate on CP was 22%, 25%, 
and 37% higher than on C substrate in Q. ilex, P. angustifo-
lia, and L. nobilis, respectively.

The increased photosynthetic carbon fixation observed in 
plants grown on the CP compared to C substrate during the 
summer sustains the activity of the photosynthetic electron 
chain, by using all the reductive power (ATP and NADPH) 
in photochemistry. This efficient utilization of light energy 
in photochemical reactions helps reduce the risk of photo-
inhibition to the photosynthetic apparatus, a typical con-
straint under high temperatures and light intensities typical 
of Mediterranean summer season (Dideran et al., 2024). 
Furthermore, changes in nutrient and organic matter con-
tent, detected after one year support the evidence of deep 

Fig. 7  Mean values (± s.e.) of quantum yield of PSII electron trans-
port (ФPSII)(A), non-photochemical quenching (NPQ)(B), electron 
transport rate and net photosynthesis ratio (ETR/AN)(C) in leaves of 
P. angustifolia (P, coarse bar), L. nobilis (L, empty bar) and Q. ilex (Q, 
dotted bar) grown on compost (white bars) and compost enriched with 

poultry manure (grey bars) at different sampling times (Spring, Sum-
mer, Fall and Winter). Capital letters indicate the differences among 
the plant species within the same treatment. Lowercase letters indicate 
the differences between the treatments within the same plant species
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satisfy their evaporative demand and nutrient requirements 
helping them survive, especially during the summer drought 
periods typical of Mediterranean regions (Tramblay et al. 
2020; Gerke 2022). The enhanced photosynthetic capacity 
of sclerophyllous species on CP substrate benefits both nat-
ural and urban ecosystems; indeed, Mediterranean maquis 
plants are often utilized to recover urban soils and mitigate 
urban heat islands through the transpiration process (Vitale 
et al. 2024). Using CP substrate for plant growth may 
increase transpiration rates favoring the cooling effect in an 
urban context, providing an important ecosystem service.

Prolonged dry summers, typical of Mediterranean areas 
and intensified by climate change, negatively impact the 
photosynthetic apparatus of sclerophyllous species, which 
retain leaves throughout the year, resulting in reduced car-
bon assimilation under drought. The photosynthetic decline 
leads to the overproduction of reactive oxygen species, 
which damages the photosystems (Pellegrini et al. 2021). 
Additionally, high temperatures and vapor pressure deficits 
induce stomatal closure and reduced transpiration, enhanc-
ing leaf temperature and photoinhibition (Marchin et al. 
2023). Our study demonstrates that the benefits of plant 
growth on CP substrate, compared to C, are particularly evi-
dent during summer, when both gas exchanges and photo-
chemical processes are promoted. Growth on CP substrates 
improves the efficiency of photosynthetic electron trans-
port, which reduces the need to dissipate excess absorbed 
light photochemically or thermally to avoid photoinhibition 
(Murakami et al. 2024).

The higher photochemical efficiency observed dur-
ing summer and maintained during fall is responsible for 
the elevated photosynthetic rate in these months com-
pared to winter and spring, when the photochemical effi-
ciency declined, making essential the activation of thermal 
(increase of NPQ) and photochemical (increase of ETR/AN) 
dissipation processes as safety mechanisms against photo-
inhibition (Arena et al. 2008; Didaran et al. 2024). Our data 
also indicate that, even if all species on the CP substrate 
showed a better physiological performance than in C, they 
employ different photoprotective mechanisms to achieve it, 
especially in summer. For instance, L. nobilis, which exhib-
its the highest NPQ values, employs thermal dissipation as 
a preferred safe strategy.

Among species, Q. ilex grown on CP substrate exhib-
ited significantly higher values of gs (+ 32% vs. 23% in 
P. angustifolia and 20% in L. nobilis) and E compared to 
other species, suggesting a more efficient stomatal control in 
response to seasonal climatic variations. The higher stoma-
tal conductance in CP than C plants, associated to the better 
water holding capacity of this substrate, can be considered a 
physiological advantage as the stomata opening guarantees 
a higher CO2 supply at the carboxylation site and promote 

establishment, the CP substrate remained richer in available 
nutrients compared to C substrate.

The significant reduction in organic matter indicates a 
continuous release of nutrients to the plants, likely contrib-
uting to the increased productivity observed in the CP sub-
strate (Gerke 2022).The enhanced photosynthetic activity in 
CP compared to C plants is consistent with the observed 
increase in plant height of + 52%, + 48% and + 80% and in 
trunk diameter of + 108%, + 54% and + 82% in P. angusti-
folia, L. nobilis and Q. ilex, respectively, after one year of 
growth on CP substrate, confirming the best fitness of CP 
substate for plant development. It is ascertained that Zn, Ni, 
Fe, and Cu are essential enzyme cofactors involved in pho-
tosynthetic metabolism, including chlorophyll synthesis, 
light reactions, and electron transport activities (Adamczyk-
Szabela and Wolf 2024).

The CP substrate also showed a higher water-holding 
capacity (WHC), which was retained after one year of plant 
growth. WHC is influenced by several factors including soil 
temperature, microbial respiration, substrate availability, 
root type, plant growth, stomatal conductance, transpiration, 
and belowground carbon allocation. Water dissolves nutri-
ents and facilitates their absorption and movement through 
plants, sustaining vegetative growth throughout the year, 
particularly during the summer dry season, when maintain-
ing an adequate water balance enhances plant tolerance to 
high temperatures (Farhad et al. 2018; Rockwell and Sage 
2022). The higher water holding capacity of CP compared 
to C substrate may explain the increased transpiration rates 
(+ 26% in P. angustifolia, + 31% in L. nobilis and + 53% in 
Q. ilex) observed in CP plants compared to C across all sea-
sons. This increase in transpiration is generally associated 
with higher photosynthetic gains (Asargew et al. 2024).

The utilization of CP substrate as a growing medium 
appears particularly promising during the summer, when 
Mediterranean ecosystems are subjected to drought and 
sclerophyllous species experience limitations in leaf gas 
exchange, which may compromise the functionality of pho-
tosynthetic apparatus (Pellegrini et al. 2021). It has been 
demonstrated that Mediterranean sclerophyllous species 
P. angustifolia, L. nobilis and Q. ilex are well adapted to 
drought conditions through morphological and physiologi-
cal traits like small thick waxy leaves, deep root systems, 
and tight stomatal control to reduce water loss thereby 
maintaining water relationships and a positive carbon bal-
ance (Ramírez-Valiente et al., 2021; Kaproth et al. (2023). 
However, the increasing aridity due to environmental 
changes is starting to reveal the limitations of these adapta-
tions (Miranda et al. 2023).

In this context, the elevated soil water-holding capacity, 
combined with a readily available reserve of organic mat-
ter in CP substrate, is a crucial attribute that allows plants 
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substrates evidenced significantly higher photosynthetic 
activity, transpiration rates, and photochemical efficiency 
in CP compared to C plants The physiological advantages 
of plant growth on CP substrate resulted in increased bio-
mass, with greater plant height and trunk diameter across all 
tested species. During summer drought, especially Q. ilex 
takes advantage from higher water-holding capacity of CP 
substrate, which supports high transpiration rates for leaf 
cooling. The enhanced suitability of CP medium in sustain-
ing plant productivity is likely ascribed to its greater reserve 
of essential nutrients, readily available organic matter, and 
higher water-holding capacity than C substrate. Our study 
indicates CP substrate as a low-cost solution for reforesta-
tion, urban greening, and ecological restoration—especially 
in degraded or post-industrial landscapes where traditional 
soils are scarce or overexploited. By repurposing agricul-
tural and quarry by-products, the study supports a circular 
economy approach to land management. In the climate 
change scenario, which threatens soil fertility, water avail-
ability, and urban ecosystems, integrating such waste-based 
substrates can play a pivotal role in promoting long-term 
environmental sustainability.

Supplementary Information  The online version contains 
supplementary material available at ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​4​​2​3​9​8​-​0​
2​5​-​0​0​3​6​5​-​9.

leaf cooling via transpiration, under hot summer conditions 
(Urban et al. 2017).

The adequate hydration status in both C and CP substrates 
may explain the stable values of WUE observed across all 
species and seasons. Furthermore, the maintenance of good 
plant-water relationships provides evidence that adding a 
mixture of compost and poultry manure to inert limestone 
debris can yield an idoneous substrate capable to sustain 
plant growth, even under summer drought conditions. The 
main results of this study are summarized in Fig.  8. The 
two substrates affected the primary production (leaf gas 
exchanges and PSII photochemistry) of the tree species dif-
ferently. Overall, regardless of species, the CP substrate pro-
moted higher photosynthesis and photochemical efficiency 
compared to the C substrate. This enhancement in physi-
ological performance resulted to increased biomass produc-
tion, as evidenced by the greater stem and plant diameter 
after one year of growth.

Conclusions

This study demonstrates the strong potential of compost–
poultry manure (CP) substrate, derived from organic waste 
and quarry debris, as a sustainable alternative to conven-
tional soils. One-year monitoring of plant on C and CP 

Fig. 8  Summary illustration of the main physiological (leaf gas 
exchanges, photochemistry of photosystem II - PSII) and morphologi-
cal (plant height and stem diameter) outcomes after one year of growth 

on compost (C) and compost enriched with poultry manure (CP) in the 
Mediterranean species: Q. ilex (Q), P. angustifolia (P), and L. nobilis 
(L.)

 

1 3

546

https://doi.org/10.1007/s42398-025-00365-9
https://doi.org/10.1007/s42398-025-00365-9


Environmental Sustainability (2025) 8:533–548

conductance. Sci Tot Environ 907:167886. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​
j​.​​s​c​i​​t​o​t​​e​n​v​.​​2​0​​2​3​.​1​6​7​8​8​6

Averett JM, Klips RA, Nave LE, Frey SD, Curtis PS (2017) Effects of 
soil carbon amendment on nitrogen availability and plant growth in 
an experimental tallgrass prairie restoration. Restor Ecol 12(4):568–
574. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​1​1​​/​j​.​​1​0​6​​1​-​2​​9​7​1​.​​2​0​​0​4​.​0​0​2​8​4​.​x

Baldantoni D, Bellino A, Morra L, Alfani A (2015) Compost amendment 
enhances revegetation of a mediterranean degraded agricultural soil. 
Environ Manag 56:946–956. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​0​​0​2​6​7​-​0​1​5​-​0​5​
3​9​-​4

Baldantoni D, Bellino A, Alfani A (2016) Soil compost amendment 
enhances tomato (Solanum lycopersicum L.) quality. J Sci Food 
Agric 96:4082–4088. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​2​​/​j​s​​f​a​.​7​6​0​8

Bilger W, Björkman O (1990) Role of xanthophyll cycle and energy dis-
sipation in differently oriented faces of light–induced absorbance 
changes, fluorescence and photosynthesis in Hedera canariensis. 
Photosynth Res 25:173–185. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​B​F​​0​0​0​3​3​1​5​9

Carabassa V, Domene X, Alcañiz JM (2020) Soil restoration using com-
post-like-outputs and digestates from non-source-separated urban 
waste as organic amendments: limitations and opportunities. J Envi-
ron Manag 255:109909. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​j​e​n​​v​m​a​​n​.​2​0​​1​9​​.​1​0​9​
9​0​9

D’Ambrosio N, Arena C, De Virzo A (2006) Temperature response of 
photosynthesis, excitation energy dissipation and alternative electron 
sinks to carbon assimilation in Beta vulgaris L. Env Exp Bot 55:248–
257. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​e​n​v​​e​x​p​​b​o​t​.​​2​0​​0​4​.​1​1​.​0​0​6

da Silva Oliveira DM, de Lima RP, Barreto MSC, Verburg EEJ, Mayrink 
GCV (2017) Soil organic matter and nutrient accumulation in areas 
under intensive management and swine manure application. J Soils 
Sediments 17:1–10. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​1​3​6​8​-​0​1​6​-​1​4​7​4​-​6

De Marco A, Arena C, Giordano M, De Virzo A (2013) Impact of the 
invasive tree black locust on soil properties of mediterranean stone 
pine-holm oak forests. Plant Soil 372(1):473–486. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​
.​1​​0​0​7​​/​s​1​​1​1​0​4​-​0​1​3​-​1​7​5​3​-​6

Didaran F, Kordrostami M, Ghasemi-Soloklui AA, Pashkovskiy P, Kre-
slavski V, Kuznetsov V, Allakhverdiev SI (2024) The mechanisms 
of photoinhibition and repair in plants under high light conditions 
and interplay with abiotic stressors. J Photochem Photobiol B: Biol 
259:113004. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​j​p​h​​o​t​o​​b​i​o​l​​.​2​​0​2​4​.​1​1​3​0​0​4

Farhad W, Cheema MA, Hammad HM, Saleem MF, Fahad S, Abbas F, 
Khosa I, Bakhat HF (2018) Influence of composted poultry manure 
and irrigation regimes on some morpho-physiology parameters of 
maize under semiarid environments. Env Sci Pollut Res 25:19918–
19931. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​1​3​5​6​-​0​1​8​-​2​1​2​5​-​9

Forge T, Kenney E, Hashimoto N, Neilsen D, Zebarth B (2016) Compost 
and poultry manure as Preplant soil amendments for red raspberry: 
comparative effects on root lesion nematodes, soil quality and risk of 
nitrate leaching. Agric Ecosyst Environ 223:48–58. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​
0​.​1​​0​1​6​​/​j​.​​a​g​e​e​.​2​0​1​6​.​0​2​.​0​2​4

Genty B, Briantais JM, Baker NR (1989) The relationship between the 
quantum yield of photosynthetic electron transport and quenching of 
chlorophyll fluorescence. Biochim Biophys Acta 990:87–92. ​h​t​t​p​​s​:​/​​/​
d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​B​F​​0​0​0​3​2​9​8​2

Gerke J (2022) The central role of soil organic matter in soil fertility and 
carbon storage. Soil Syst 6(2):33. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​s​o​​i​l​s​y​s​t​e​m​
s​6​0​2​0​0​3​3

Islam NF, Gogoi B, Saikia R, Yousaf B, Narayan M, Sarma H (2024) 
Encouraging circular economy and sustainable environmental prac-
tices by addressing waste management and biomass energy produc-
tion. Reg Sustain 5(4):100174. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​r​e​g​s​u​s​.​2​0​2​
4​.​1​0​0​1​7​4

Kallenbach CM, Conant RT, Calderón F, Wallenstein MD (2019) A novel 
soil amendment for enhancing soil moisture retention and soil carbon 
in drought-prone soils. Geoderma 337:256–265. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​
0​1​6​​/​j​.​​g​e​o​​d​e​r​​m​a​.​2​​0​1​​8​.​0​9​.​0​2​7

Author contributions  G.M., A.D.M. and C.A. contributed to study 
conceptualization and design. L.S., L.V., V.M., E.V. and C.A. con-
ducted the formal analysis. C.A. and L.V. contributed to investigation 
and methodology. C.A., G.C., V.M., G.S., L.S. and E.V. curated data. 
L.S. validated data. G.M. provided founding and resources. C.A. su-
pervised the project. L.S. and C.A., wrote the original draft. All authors 
revised, edited and approved the final version of the manuscript.

Funding  Open access funding provided by Università degli Studi di 
Napoli Federico II within the CRUI-CARE Agreement. The research 
was funded by the Department of Biology of the University of Naples 
Federico II. This research did not receive any specific grant from fund-
ing agencies in the public, commercial, or not-for-profit sectors.

Data availability  Data are available upon reasonable request from the 
authors.

Declarations

Ethical approval  The research work embodied in the MS does not in-
volve Human Participants and/or Animals, and as such does not re-
quire Ethical Clearance.

Competing interests  The authors have no relevant financial or non-
financial interests to disclose.

Open Access   This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons licence, and indicate 
if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless 
indicated otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this licence, visit ​h​t​t​p​​:​/​/​​c​r​e​a​​t​i​​v​e​c​​o​m​m​o​​n​s​.​​o​
r​g​​/​l​i​c​e​n​s​e​s​/​b​y​/​4​.​0​/.

References

Abad-Valle P, Álvarez-Ayuso E, Murciego A, Pellitero E (2016) Assess-
ment of the use of sepiolite amendment to restore heavy metal pol-
luted mine soil. Geoderma 280:57–66. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​g​e​o​​
d​e​r​​m​a​.​2​​0​1​​6​.​0​6​.​0​1​5

Adamczyk-Szabela D, Wolf WM (2024) The influence of copper and zinc 
on photosynthesis and phenolic levels in Basil (Ocimum Basilicum 
L.), borage (Borago officinalis L.), common nettle (Urtica dioica L.) 
and peppermint (Mentha Piperita L). Int J Mol Sci 25(7):3612. ​h​t​t​p​​s​
:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​i​j​​m​s​2​5​0​7​3​6​1​2

Arena C, Vitale L, De Virzo A (2005) Photosynthetic response of Quercus 
ilex L. plants grown on compost and exposed to increasing photon 
flux densities and elevated CO2. Photosynthetica 43(4):615–619. ​h​t​t​
p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​1​0​9​9​-​0​0​5​-​0​0​9​6​-​9

Arena C, Vitale L, Virzo De Santo A (2008) Photosynthesis and photo-
protective strategies in Laurus nobilis L. and Quercus ilex L. under 
summer drought and winter cold. Plant Biosyst 142(3):472–479. ​h​t​t​
p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​8​0​​/​1​1​​2​6​3​5​0​0​8​0​2​4​1​0​8​1​9

Asargew MF, Masutomi Y, Kobayashi K, Aono M (2024) Water stress 
changes the relationship between photosynthesis and stomatal 

1 3

547

https://doi.org/10.1016/j.scitotenv.2023.167886
https://doi.org/10.1016/j.scitotenv.2023.167886
https://doi.org/10.1111/j.1061-2971.2004.00284.x
https://doi.org/10.1007/s00267-015-0539-4
https://doi.org/10.1007/s00267-015-0539-4
https://doi.org/10.1002/jsfa.7608
https://doi.org/10.1007/BF00033159
https://doi.org/10.1016/j.jenvman.2019.109909
https://doi.org/10.1016/j.jenvman.2019.109909
https://doi.org/10.1016/j.envexpbot.2004.11.006
https://doi.org/10.1007/s11368-016-1474-6
https://doi.org/10.1007/s11104-013-1753-6
https://doi.org/10.1007/s11104-013-1753-6
https://doi.org/10.1016/j.jphotobiol.2024.113004
https://doi.org/10.1007/s11356-018-2125-9
https://doi.org/10.1016/j.agee.2016.02.024
https://doi.org/10.1016/j.agee.2016.02.024
https://doi.org/10.1007/BF00032982
https://doi.org/10.1007/BF00032982
https://doi.org/10.3390/soilsystems6020033
https://doi.org/10.3390/soilsystems6020033
https://doi.org/10.1016/j.regsus.2024.100174
https://doi.org/10.1016/j.regsus.2024.100174
https://doi.org/10.1016/j.geoderma.2018.09.027
https://doi.org/10.1016/j.geoderma.2018.09.027
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.geoderma.2016.06.015
https://doi.org/10.1016/j.geoderma.2016.06.015
https://doi.org/10.3390/ijms25073612
https://doi.org/10.3390/ijms25073612
https://doi.org/10.1007/s11099-005-0096-9
https://doi.org/10.1007/s11099-005-0096-9
https://doi.org/10.1080/11263500802410819
https://doi.org/10.1080/11263500802410819


Environmental Sustainability (2025) 8:533–548

Direzione Generale per lo Sviluppo Economico e le Attività Produt-
tive, Naples

Rockwell F, Sage RF (2022) Plants and water: the search for a compre-
hensive understanding. Ann Bot 19;130(3):i-viii. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​
0​9​3​​/​a​o​​b​/​m​c​a​c​1​0​7

Sanesi G, Lafortezza R, Colangelo G, Marziliano PA, Davies C (2012) 
Root system investigation in sclerophyllous vegetation: an overview. 
Ital J Agr 8(2):e17. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​4​​0​8​1​​/​i​j​​a​.​2​0​1​3​.​e​1​7

Scotton M, Andreatta D (2021) Anti-erosion rehabilitation: effects of 
revegetation method and site traits on introduced and native plant 
cover and richness. Sci Tot Environ 776:145915. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​
0​1​6​​/​j​.​​s​c​i​​t​o​t​​e​n​v​.​​2​0​​2​1​.​1​4​5​9​1​5

Soualiou S, Duan F, Li X, Zhou W (2023) Nitrogen supply alleviates 
cold stress by increasing photosynthesis and nitrogen assimilation 
in maize seedlings. J Exp Bot 74:3142–3162. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​
9​3​​/​j​x​​b​/​e​r​a​d​0​7​3

Tao WQ, Wu QQ, Zhang J, Chang TT, Liu XN (2024) Effects of applying 
organic amendments on soil aggregate structure and tomato yield in 
facility agriculture. Plants 13:3064. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​p​l​​a​n​t​s​1​3​
2​1​3​0​6​4

Tramblay Y, Koutroulis A, Samaniego L, Vicente-Serranod SM, Volaire 
F, Boone A, Le Page M, Llasat MC, Albergel C, Burak S, Cailleret 
M, Kalin KC, Davi H, Dupuy JL, Greve P, Grillakis M, Hanicho L, 
Jarlan L, Martin-St Paul N, Martínez-Vilalta J, Mouillot F, Pulido-
Velazquez D, Quintana-Seguí P, Renard D, Turco M, Türkeş M, 
Trigo R, Vidal JP, Vilagrosa A, Zribi M, Polcher J (2020) Challenges 
for drought assessment in the mediterranean region under future cli-
mate scenarios. Earth Sci Rev 210:103–348. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​
/​j​.​​e​a​r​​s​c​i​​r​e​v​.​​2​0​​2​0​.​1​0​3​3​4​8

Urban J, Ingwers MW, McGuire MA, Teskey RO (2017) Increase in leaf 
temperature opens stomata and decouples net photosynthesis from 
stomatal conductance in Pinus taeda and Populus deltoides x Nigra. 
J Exp Bot 68(7):1757–1767. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​9​3​​/​j​x​​b​/​e​r​x​0​5​2

Vitale L, Arena C, De Virzo A (2012) Seasonal changes of photosynthetic 
activity and photochemical efficiency in the mediterranean shrub 
Phillyrea angustifolia. Plant Biosyst 146(2):443–450. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​
g​/​​1​0​.​1​​0​8​0​​/​1​1​​2​6​3​5​0​4​.​2​0​1​1​.​6​5​1​5​0​7

Vitale E, Napoletano P, Colombo C, Arena C, De Marco A (2024) Use of 
compost to improve technosol properties and spontaneous plant-soil 
relationships of mediterranean species potentially suitable for urban 
greening. Urban Ecosyst 1573–1642. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​1​2​5​
2​-​0​2​4​-​0​1​5​5​2​-​y

Von Caemmerer S, Farquhar GD (1981) Some relationship between the 
biochemistry of photosynthesis and the gas exchange of leaves. 
Planta 153:376–387. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​B​F​​0​0​3​8​4​2​5​7

Wei X, Han L, Xu N, Sun M, Yang X (2024) Nitrate nitrogen enhances 
the efficiency of photoprotection in Leymus chinensis under drought 
stress. Front Plant Sci 15:1348925. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​8​9​​/​f​p​​l​s​.​2​0​2​
4​.​1​3​4​8​9​2​5

Yang J, Gao W, Ren S (2015) Long-term effects of combined applica-
tion of chemical nitrogen with organic materials on crop yields, soil 
organic carbon and total nitrogen in fluvo-aquic soil. Soil till Res 
151:67–74. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​s​t​i​l​l​.​2​0​1​5​.​0​3​.​0​0​8

Zhang WH, Sun RB, Xu L, Liang JN, Wu TY, Zhou J (2019) Effects of 
micro-/nano-hydroxyapatite and phytoremediation on fungal com-
munity structure in copper contaminated soil. Ecotox Environ Saf 
174:100–109. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​e​c​o​e​n​v​.​2​0​1​9​.​0​2​.​0​4​8

Zhu T, Li C, Liu X, Zhao X (2024) Assessing ecological restoration in 
arid mining regions: A progressive evaluation system. Sustainability 
16:2266. ​h​t​t​p​s​:​​​/​​/​d​o​​i​.​o​​r​​g​​/​​1​0​​.​3​3​​​9​0​/​​s​u​1​6​0​6​2​2​6​6

Publisher’s note  Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

Kaproth MA, Fredericksen BW, González-Rodríguez A, Hipp AL, Caven-
der-Bares J (2023) Drought response strategies are coupled with leaf 
habit in 35 evergreen and deciduous oak (Quercus) species across a 
Climatic gradient in the Americas. New Phytol 239(3):888–904. ​h​t​t​p​​
s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​1​1​​/​n​p​​h​.​1​9​0​1​9

Kitajima M, Butler WL (1975) Excitation spectra for photosystem I and 
photosystem II in chloroplasts and the spectral characteristics of the 
distributions of quanta between the two photosystems. Biochim Bio-
phys Acta 408:297–305. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​0​0​​0​5​-​2​7​2​8​(​7​5​)​9​0​1​
3​1​-​0

Kitonyo OM, Sadras VO, Zhou Y, Denton MD (2018) Nitrogen fertiliza-
tion modifies maize yield response to tillage and stubble in a sub-
humid tropical environment. Field Crops Res 223:113–124. ​h​t​t​p​​s​:​/​​/​d​
o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​f​c​r​.​2​0​1​8​.​0​3​.​0​2​4

Krall JP, Edwards GE (1990) Quantum yield of photosystem II elec-
tron transport and carbon dioxide fixation in C4 plants. Aus J Plant 
Physiol 17:579–588. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​7​1​​/​P​P​​9​9​0​0​5​7​9

Maisto G, De Marco A, De Nicola F, Arena C, Vitale L, Virzo De Santo 
A (2010) Suitability of two types of organic wastes for the growth 
of sclerophyllous shrubs on limestone debris: A mesocosm trial. Sci 
Total Env 408:1508–1514. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​s​c​i​​t​o​t​​e​n​v​.​​2​0​​0​9​.​
1​2​.​0​4​1

Mangalassery S, Kalaivanan D, Philip PS (2019) Effect of inorganic fer-
tilisers and organic amendments on soil aggregation and biochemical 
characteristics in a weathered tropical soil. Soil Tillage Res 187:144–
151. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​s​t​i​l​l​.​2​0​1​8​.​1​2​.​0​0​8

Marchin RM, Medlyn BE, Tjoelker MG, Ellsworth DS (2023) Decoupling 
between stomatal conductance and photosynthesis occurs under 
extreme heat in broadleaf tree species regardless of water access. 
New Phytol 29:6319–6335. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​1​1​​/​g​c​​b​.​1​6​9​2​9

Marzi M, Shahbazi K, Kharazi N, Rezaei M (2020) The influence of 
organic amendment source on carbon and nitrogen mineralization in 
different soils. J Soil Sci Plant Nutr 20:177–191. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​
0​0​7​​/​s​4​​2​7​2​9​-​0​1​9​-​0​0​1​1​6​-​w

McGrath D, Henry J, Munroe R, Williams C (2020) Compost improves 
soil properties and tree establishment along highway roadsides. 
Urban Urban Green 55:126851. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​u​f​u​g​.​2​0​2​
0​.​1​2​6​8​5​1

Memoli V, De Marco A, Baldantoni D, De Nicola F, Maisto G (2017) 
Short- and long-term effects of a single application of two organic 
amendments. Ecosphere 8:11. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​2​​/​e​c​​s​2​.​2​0​0​9

Miranda A, Syphard AD, Berdugo M, Carrasco J, Gómez-González S, 
Ovalle JF, Delpiano CA, Vargas S, Squeo FA, Miranda MD, Dobbs 
C, Mentler R, Lara A, Garreaud R (2023) Widespread synchronous 
decline of Mediterranean-type forest driven by accelerated aridity. 
Nat Plants 9:1810–1817. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​s​4​​1​4​7​7​-​0​2​3​-​0​1​5​4​
1​-​7

Murakami A, Kim E, Minagawa J, Takizawa K (2024) How much heat 
does non-photochemical quenching produce? Front Plant Sci 15. ​h​t​t​
p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​8​9​​/​f​p​​l​s​.​2​0​2​4​.​1​3​6​7​7​9​5

Oldfield EE, Felson AJ, Auyeung DSN, Crowther TW, Sonti NF, Harada 
Y, Maynard DS, Sokol NW, Ashton MS, Warren II, Hallett RJ, Brad-
ford RA MA (2015) Growing the urban forest: tree performance 
in response to biotic and abiotic land management. Restor Ecol 
23(5):707–718. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​1​1​​/​r​e​​c​.​1​2​2​3​0

Pellegrini E, Cotrozzi L, Neri L, Baraldi R, Carrari E, Nali C, Lorenzini 
G, Paoletti E, Hoshika Y (2021) Stress markers and physiochemi-
cal responses of the mediterranean shrub Phillyrea angustifolia 
under current and future drought and Ozone scenarios. Environ Res 
201:111615. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​e​n​v​r​e​s​.​2​0​2​1​.​1​1​1​6​1​5

Ramírez-Valiente JA, Santos del Blanco L, Alía R, Robledo-Arnuncio JJ, 
Climent J (2021) Adaptation of mediterranean forest species to cli-
mate: lessons from common garden experiments. J Ecol 110:1022–
1042. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​1​1​​/​1​3​​6​5​-​2​7​4​5​.​1​3​7​3​0

Regione Campania (2017) Piano regionale Delle attività estrattive 
(PRAE)– Regional plan of extractive activities. Regione Campania, 

1 3

548

https://doi.org/10.1093/aob/mcac107
https://doi.org/10.1093/aob/mcac107
https://doi.org/10.4081/ija.2013.e17
https://doi.org/10.1016/j.scitotenv.2021.145915
https://doi.org/10.1016/j.scitotenv.2021.145915
https://doi.org/10.1093/jxb/erad073
https://doi.org/10.1093/jxb/erad073
https://doi.org/10.3390/plants13213064
https://doi.org/10.3390/plants13213064
https://doi.org/10.1016/j.earscirev.2020.103348
https://doi.org/10.1016/j.earscirev.2020.103348
https://doi.org/10.1093/jxb/erx052
https://doi.org/10.1080/11263504.2011.651507
https://doi.org/10.1080/11263504.2011.651507
https://doi.org/10.1007/s11252-024-01552-y
https://doi.org/10.1007/s11252-024-01552-y
https://doi.org/10.1007/BF00384257
https://doi.org/10.3389/fpls.2024.1348925
https://doi.org/10.3389/fpls.2024.1348925
https://doi.org/10.1016/j.still.2015.03.008
https://doi.org/10.1016/j.ecoenv.2019.02.048
https://doi.org/10.3390/su16062266
https://doi.org/10.1111/nph.19019
https://doi.org/10.1111/nph.19019
https://doi.org/10.1016/0005-2728(75)90131-0
https://doi.org/10.1016/0005-2728(75)90131-0
https://doi.org/10.1016/j.fcr.2018.03.024
https://doi.org/10.1016/j.fcr.2018.03.024
https://doi.org/10.1071/PP9900579
https://doi.org/10.1016/j.scitotenv.2009.12.041
https://doi.org/10.1016/j.scitotenv.2009.12.041
https://doi.org/10.1016/j.still.2018.12.008
https://doi.org/10.1111/gcb.16929
https://doi.org/10.1007/s42729-019-00116-w
https://doi.org/10.1007/s42729-019-00116-w
https://doi.org/10.1016/j.ufug.2020.126851
https://doi.org/10.1016/j.ufug.2020.126851
https://doi.org/10.1002/ecs2.2009
https://doi.org/10.1038/s41477-023-01541-7
https://doi.org/10.1038/s41477-023-01541-7
https://doi.org/10.3389/fpls.2024.1367795
https://doi.org/10.3389/fpls.2024.1367795
https://doi.org/10.1111/rec.12230
https://doi.org/10.1016/j.envres.2021.111615
https://doi.org/10.1111/1365-2745.13730

	﻿Suitability of two different organic substrates as growing media for sustaining the productivity of mediterranean plant species in degraded sites
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Mesocosm setting up
	﻿Leaf water content, and C and N determination
	﻿Leaf gas exchange and chlorophyll a fluorescence analysis
	﻿Statistical analyses

	﻿Results
	﻿Overall trend of leaf analysis
	﻿Differences in leaf functional and photosynthetic traits among sclerophyllous grown on compost and compost mixed with poultry manure for each season
	﻿Seasonally variation in leaf functional and photosynthetic traits of sclerophyllous grown on compost and compost mixed with poultry manure

	﻿Discussion
	﻿Conclusions
	﻿References


