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Abstract

The Azorean livestock system depends strongly on pasture-based feeding, making regional
agriculture sensitive to global warming. This study assessed the effects of experimental
warming on forage productivity, forage quality, and soil fertility in three pastures along an
altitudinal gradient over two years (2020-2021). Open-top chambers were used to create
warmer conditions, and soil and forage samples were analysed for chemical and mineral
composition. Warming increased net forage productivity by 30% and 70% in the lower-
altitude pasture in 2020 and 2021, respectively, and by 56% in the intermediate-altitude
pasture in 2021. Responses at the highest altitude were weak or not significant. Effects
on forage quality were seasonal. In winter and early spring, warming increased crude
protein by 14-45% and ash by 4-13% in the lower- and intermediate-altitude pastures.
Later in the season, warming was associated with higher fibre fractions, especially in the
intermediate-altitude pasture, indicating faster plant maturation. Soil factors significantly
structured forage quality, with phosphorus as the main driver. This study contributes to
understanding how climate change may affect the sustainability of pasture-based livestock
systems in island environments, supporting the development of adaptive management
strategies to safeguard productivity, soil fertility, and ecosystem resilience.

Keywords: agroecosystem resilience; Azores; climate adaptation; island sustainability;
sustainable pasture management

1. Introduction

Climatic change is mainly driven by anthropogenic greenhouse gas emissions, espe-
cially carbon dioxide (CO;), methane, and nitrous oxide, and is expected to alter temper-
ature and precipitation patterns over the coming decades [1]. Over the next 30-50 years,
global temperature is projected to rise by approximately 2-3 °C, together with changes in
the frequency, intensity, and duration of heat waves and other extreme thermal events [2].
These changes are also likely to affect soil function by modifying fertility, salinisation, CO,
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release, and microbial activity [3,4]. In addition, changes in soil organic matter may influ-
ence soil aggregation, stability, water availability, cation exchange processes, and nutrient
status [3,5].

Ruminant livestock systems are both contributors to and affected by climate change.
Livestock production accounts for a substantial share of anthropogenic greenhouse gas
emissions worldwide [6], while climate-related changes in feed resources, water availability,
animal health, and productivity are expected to affect the sector directly [7,8]. In this context,
one of the major challenges for agriculture is maintaining a balance among productivity,
food security, and environmental sustainability [9].

The impacts of climate change on agricultural and livestock systems are difficult
to establish. Some regions may benefit from improved production, whereas others may
face declines [10,11]. Various climate models have been proposed to predict the potential
impacts of warming on pasture productivity [12,13]. In grassland systems, precipitation
remains a key driver of annual pasture productivity, but growing-season temperature is
also critical [1,14]. For this reason, reliable projections of pasture performance under future
climate scenarios need to consider both variables together [15].

In the Azores, projected warming and shifts in precipitation patterns are expected to
alter seasonal pasture dynamics. By the end of the century, temperatures are expected to
rise by approximately +1.5 °C to +2.8 °C under the best- and worst-case climate scenarios,
respectively. Such changes are likely to influence both the quantity and quality of forage
available to livestock [16].

Forage quality varies throughout the growing season as plant development progresses
and the leaf-to-stem ratio shifts [1,15]. Both forage production and forage quality vary
across sites and seasons, reflecting differences in management practices [17,18], climatic
conditions [19,20], plant community composition [21-23], and soil nutrient availability [15,20].

Temperature changes may affect species composition and competitive interactions
in pastures, favouring Cz over Cy4 plants [24,25]. The duration of the growing season is
also relevant to forage quality and quantity, as it determines the timing and availability
of forage [8]. Previous studies suggest that higher temperatures may either lengthen the
active growth period or accelerate plant development, depending on the system considered,
thereby affecting productivity in different ways [26,27].

Important forage quality parameters such as dry matter (DM), crude protein (CP),
ether extract (EE), ash, neutral detergent fibre (NDF), acid detergent fibre (ADF), and acid
detergent lignin (ADL) can all vary in response to environmental conditions. Among these,
NDE, ADF, and ADL are commonly used to assess forage quality because higher values are
generally associated with lower digestibility, especially for ADL [28,29].

The temperature rise has been shown to induce rapid plant maturation, which in-
creases the stem-to-leaf ratio and the fibre contents (NDF, ADF, and ADL) and decreases
CP and digestibility [8,29], thereby reducing nutrient availability for livestock [30].

Several strategies have been proposed to reduce the vulnerability of livestock systems
to climate change, including adjustments in stocking rates, diversification of forage and
livestock species, and the adoption of mixed crop-livestock systems [8,10,31]. In the Azores,
where livestock—particularly dairy farming—plays a central role in the regional economy,
understanding how pastures respond to warming is especially important for supporting
future adaptation. However, information on how forage production, forage quality, and
soil fertility in Azorean pastures respond to increasing temperature remains limited.

This lack of knowledge is especially relevant because pasture responses are unlikely
to be uniform across the landscape. The use of an altitudinal gradient is particularly
useful in this context because altitude integrates several environmental factors directly
related to pasture functioning, including temperature, precipitation, soil moisture, and
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soil properties [32]. As a result, mountain and altitudinal gradients are often regarded as
natural laboratories for studying climate-change responses, as they allow similar vegetation
types to be evaluated under contrasting thermal and edaphic conditions [33]. In grassland
systems, previous studies have shown that altitude can strongly influence the sensitivity
of plant productivity, community structure, and soil properties to warming, leading to
contrasting responses between lower and higher elevations [4,23,34].

In the Azores, where future warming is expected to occur under already marked local
contrasts in altitude and moisture, evaluating pasture responses along an altitudinal gradient
is essential to determine whether warming effects remain consistent across sites or depend
on local environmental conditions. Accordingly, this study aimed to assess the effects of
experimental warming on forage production, forage quality, and soil nutrient availability
in three pastures located at different altitudes, and to determine whether these responses
vary seasonally and along the gradient. We hypothesised that rising temperature (i) would
stimulate plant growth, particularly at lower altitudes where thermal limitation is weaker, but
would not necessarily improve forage quality because faster development may increase fibre
accumulation; (ii) would increase soil organic matter inputs through greater plant production;
and (iii) would enhance soil nutrient availability by stimulating nutrient cycling and nutrient
release. Understanding these responses is essential to support the sustainability and resilience
of pasture-based livestock systems under future climate conditions.

2. Materials and Methods
2.1. Experimental Design

This study was carried out on Terceira Island, the third-largest island in the Azorean
archipelago (402 km?). Three artificial /sown, intensively managed pastures were selected
at three different altitudinal levels, namely, pasture A (186 m a.s.1.; latitude: 38.703596 N;
longitude: —27.353805 W), pasture B (301 m a.s.l; latitude: 38.701639 N; longitude:
—27.325783 W) and pasture C (386 m a.s.1; latitude: 38.697770 N; longitude: —27.170075 W)
(Figure 1). Lolium multiflorum is the dominant grass in pastures A and B, while Holcus
lanatus dominates in pasture C. The use of this altitudinal gradient allowed the evaluation
of warming effects under contrasting environmental conditions, particularly temperature,
moisture, and soil characteristics, which are expected to vary with elevation.

Figure 1. Digital elevation model (DEM) of Terceira Island in the Azores archipelago, with the
location of pastures A, B and C marked with three different symbols.
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The experimental sites are located on a Placaquand soil, characterised by predomi-
nantly sandy textures and the presence of a Bsm horizon at approximately 19 cm depth,
indicating a discontinuous horizontal accumulation of iron and manganese oxides [35].

To simulate rising temperatures and analyse their potential effects on forage produc-
tivity and quality, open-top chambers (OTCs) were used. The use of open-top chambers
has been well documented to consistently achieve higher temperatures and is a quick, less
expensive way to enable in situ temperature manipulation [36].

In each pasture, 20 plots, each measuring 1 x 1 m, were established: 10 control plots
and 10 equipped with open-top chambers (OTCs) (Figure 2). Overall, this design resulted in
60 plots installed across the three pastures. The same control and OTCs plots were sampled
repeatedly across all sampling dates in each study year. The plots were randomly distributed
within an experimental area of approximately 100 m?, enclosed by an electric fence to prevent
grazing and external disturbance. The experimental area was located at least 10 m from
the pasture boundary wall to minimise edge effects. Plots were arranged in blocks, with a
minimum distance of 1 m between adjacent blocks and 1 m between each block and the fence,
ensuring independence among plots and reducing potential treatment interference.
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Figure 2. (a) Aerial photo of the plots in pasture C (386 m a.s.1.) and (b) the respective experimental design.

In each pasture, five data loggers were installed to measure surface temperature and
relative humidity hourly: three in OTC plots and two in control plots. A larger number of
data loggers was placed in OTC plots to better characterise the microclimatic conditions
inside the chambers, while the control plots were used as a reference for ambient conditions.
Measurements were made with Easy Log (EL-USB-2), Temperature and Relative Humidity
USB Data Loggers (Lascar Electronics, Wiltshire, UK).

2.2. Forage Collection and Preparation

In the first year (2020) of this study, the plant samples were harvested at five sampling
dates (see Table S1 for further details): winter, early spring, late spring, summer, and
autumn. In the second year (2021), the plant samples were collected at four sampling dates
(see Table S2 for further details): during the four growth seasons—winter, spring, summer,
and autumn. In both study years, it was not possible to sample in the summer and autumn
in pasture A, or in the autumn in pasture B, because grasses dry up in these pastures after
spring and summer, respectively, and they have to be sown again in autumn. Plant samples
(leaves and pseudo-stems) were collected manually.
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Laboratory analyses were conducted in the Animal Nutrition Lab, Department of
Agricultural Sciences, University of the Azores, located in Angra do Heroismo, Terceira,
Azores, Portugal. Plant samples were first cut into fragments of approximately 2-3 cm
and then ground using a laboratorye mill (Retsch GmbH, Haan, Germany; model SP2) for
subsequent chemical analysis. To determine forage productivity and nutritive parameters,
we harvested only the dominant plant species in each pasture, i.e., L. multiflorum (pastures A
and B) and H. lanatus (pasture C), and excluded all other species. Therefore, the productivity
and nutritional results presented in this study reflect the dominant species in each pasture,
not the entire pasture community.

2.3. Forage Chlorophyll Measurement

To evaluate the effect of rising temperature on the chlorophyll content, in each sam-
pling date, five random measures on intact and not wet leaves of the dominant plant species
(Lolium multiflorum, in pastures A and B, and Holcus lanatus in pasture C) were made per
control and OTC plots in each pasture. Measurements were made with the atLEAF CHL
PLUS Chlorophyll meter (FT Green LLC, Wilmington, DE, USA). Chlorophyll content per
plot was determined by the average of the five atLEAF CHL measures in each plot. The
total chlorophyll was obtained by converting atLEAF CHL values to SPAD and using the
relationship between chlorophyll content and SPAD units [37,38].

2.4. Forage Net Productivity

The grasses of each plot were harvested with hand shears about 5 cm above ground
level. Samples were kept separately in transparent plastic bags and brought to the lab
for weighing on a laboratory scale (Precision balances, model SE2201 VWR International,
Radnor, PA, USA). To determine the biomass, samples were dried at 65 °C and weighed
daily until the dry weight stabilised (this occurred after 6-7 days). As the study focused on
the dominant plant species in each pasture (Lolium multiflorum in pastures A and B, and
Holcus lanatus in pasture C), special care was taken to remove any other species present in
the samples before weighing and drying. Net productivity of the dominant species was
estimated by dividing the biomass (dry weight) of each plot by the number of growth days
between each cut (average productivity per cut).

2.5. Forage Chemical Analysis

Different nutritive parameters were analysed in this study: namely, dry matter (DM),
crude protein (CP), neutral detergent fibre (NDF), acid detergent lignin (ADL), acid deter-
gent fibre (ADF), ether extract (EE) and mineral ash (Ash). Forage samples were dried in a
forced-air oven at 65 °C until constant weight (this typically took 6 to 7 days). Following
that, they were ground to pass through a 1 mm sieve type SR2 in a Retsch mill (Retsch
GmbH, 5657 Haan, Germany). For chemical characterisation of the forage, the Weende sys-
tem was used to determine DM (method 930.15), CP (method 954.01), EE (method 920.39),
and total ash (method 942.05) according to the A.O.A.C. standard methods [39]. The DM
content of the forage was determined by drying the sample in a forced-air oven (Memmert
drying oven; Memmert, Schwabach, Germany) at 105 °C for 24 h. Total ash was evaluated
by igniting samples in a muffle furnace (M110 Mulffle furnace; Heraeus, Hanau, Germany)
at 500 °C for 12 h. CP was determined by the Kjeldahl method, and EE was measured
by refluxing forage samples with petroleum ether in a Soxhlet system. NDF, ADF, and
ADL were determined according to Goering and Van Soest [40]. Both nutritive parameters,
NDF and ADF, were determined by weighing 1 g of each plant sample into a 600 mL glass
digestion cup and adding 100 mL of NDF and ADF solutions, respectively. In the case of
NDE, 0.5 g of NaySOs3 (sodium sulphite) was also added to the mixture. Next, both NDF
and ADF mixtures were placed in an extraction apparatus. From the moment the mixture
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began to boil (which should happen constantly), 1 h was allowed to pass. At the end of
this time, each glass digestion cup was washed and filtered into a preweighed porous plate
glass crucible. Subsequently, the residue was washed with acetone, and the crucibles were
placed in the oven at 105 °C for at least 8 h to be reweighed. Both NDF and ADF were
expressed without residual ash. For the ADL, the crucibles with the ADF residue, after
being weighed, were placed in a vat with 72% H;SOy for 3 h. The crucibles were then
filtered and washed thoroughly with hot water, then placed in an oven at 105 °C for 12 h.
The resulting ADL residue was weighed, and the crucibles were placed in a muffle furnace
at 500 °C for at least 8 h. They then spent at least 8 h in an oven at 105 °C before being
weighed to determine the ash weight of the ADL residue.

2.6. Soil Analysis

The soil analyses were performed at the University of Azores Soil Laboratory from
ITAA. For each plot, one soil sample was collected during two sampling dates in each
study year. In 2020, soil samples were collected for analysis in winter and late spring,
while in 2021, they were collected in winter and summer. Potassium (K), calcium (Ca)
and magnesium (Mg) were extracted with sodium acetate (1/10) at pH 7 and determined
using a Varian ICP atomic emission spectrophotometer (Varian Inc., Palo Alto, CA, USA).
Soil pH was measured from a soil and water paste (1:2.5 v/v), and available phosphorus
(P) (1:20) [41] by spectrometry after extraction with NaHCOj solution at pH 8.5. Organic
matter (OM) was also measured by dry ashing at 500 °C in accordance with EN 15936 [42]
(or the equivalent national standard).

2.7. Data Analysis

Differences in soil chemical elements were tested by one-way analysis of variance
and Tukey honestly significant difference test at p < 0.05. Climatic data were not normally
distributed; thus, differences between treatments were analysed using the non-parametric
Kruskal-Wallis test. Both analyses were computed using IBM SPSS Statistics for Windows
(Version 30.0, IBM Corp., Armonk, NY, USA) [43].

Differences in net forage productivity between experimental treatments (control and
OTC) were analysed using linear mixed-effects modelling to account for the hierarchical
and non-independent structure of the experimental design. This approach was preferred
over classical ANOVA or generalised linear models, as it allows the inclusion of random
effects and accommodates repeated measurements within sampling units.

An initial linear mixed-effects model (LMM; Gaussian error distribution) was fitted
with Treatment (control vs. OTC), Pasture, Year, and their interactions as fixed effects,
and plot identity was included as a random effect to account for repeated measures and
non-independence of observations. Pasture was treated as a grouping factor because each
elevation level was represented by a single experimental pasture, resulting in confounding
between elevation and pasture identity.

Model assumptions were evaluated using residual and Q-Q plots, and homogene-
ity of variance was tested with Levene’s test [44,45], which indicated significant het-
eroscedasticity. To account for this, a variance structure allowing unequal variances among
treatment x pasture combinations was included in the model “nlme” [46]. Model comparison
using Akaike’s Information Criterion (AIC) [47] showed a substantially improved fit, and this
model was retained for subsequent analyses. Estimated marginal means (EMMs) [48] were
used for pairwise comparisons between treatments within each pasture x year combination,
with significance assessed using t-tests within the mixed-effects model structure.
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Finally, graphical representations of treatment effects were produced using boxplots
stratified by pasture and year, with statistical significance derived from model-based
pairwise comparisons.

In addition to forage productivity, the effects of experimental treatments on forage nu-
tritive quality were assessed using linear mixed-effects models fitted with the Ime function
from the nlme package in R (version 4.5.2, R Core Team, Vienna, Austria). Seven nutritive
variables were analysed separately: DM, CP, NDF, ADF, ADL, EE, and ash content. For each
response variable, a linear mixed-effects model (LMM; Gaussian error distribution) was fitted
including Treatment (control vs. OTC), Field, Year, and Season as fixed effects, as well as
their first-order interactions involving Treatment (Treatment x Pasture, Treatment x Year,
and Treatment x Season). Plot identity was included as a random intercept to account for
repeated measurements and non-independence among observations within sampling units.
Heteroscedasticity was accounted for by incorporating a variance structure that allows un-
equal residual variances across Treatment x Pasture combinations, using the varldent function.
Estimated marginal means (EMMs) were computed using the emmeans package, and pair-
wise comparisons between treatments were performed within each Pasture x Year x Season
combination. Tukey’s method was used to adjust for multiple comparisons. Chlorophyll
concentration between control plots and OTC plots was analysed using the same linear mixed-
effects modelling framework described for forage productivity and nutritive metrics and
results were visualised using boxplots stratified by pasture and year. Analyses regarding for-
age productivity, nutritive quality, and chlorophyll content were performed using R software
(version 4.5.2, R Core Team, Vienna, Austria).

To explore the effects of rising temperatures on soil chemical elements and their
impacts on the distribution of different nutritive parameters, redundancy analysis (RDA)
in Canoco 5.1 (Microcomputer Power, Ithaca, NY, USA) [49] was performed, using only the
2021 nutritive data. The RDA was restricted to 2021 data because it was the only year in
which soil chemical data and corresponding forage nutritive parameters were available on
the same sampling dates.

3. Results
3.1. Soil Features

In both years of the experiment (2020 and 2021), mean monthly temperature was
consistently higher in OTCs than in control plots, whereas mean monthly relative humidity
was lower under OTC conditions in all three pastures (Table 1). Across the three pastures,
OTC treatment increased mean monthly temperature by 0.79 to 2.52 °C and reduced
mean monthly relative humidity by 0.87 to 5.85 percentage points relative to the control,
confirming that the warming treatment effectively altered the microclimatic conditions in
each pasture.

However, the effects of warming on soil properties were not uniform along the altitudi-
nal gradient. In 2020, differences in soil parameters between treatments were observed only
in pasture B, with OM content higher in the OTCs than in control plots (Table 1). During
2021, OM content varied significantly across treatments in lowland pastures (A and B),
with the maximum observed in the OTC plots. In lowland pastures, significant differences
between treatments were also observed for Ca. In both pastures, Ca was higher in OTCs
than in control plots. Moreover, changes between treatments were found in Mg content,
which was higher in OTC plots than in the control, but only in pasture B.

https://doi.org/10.3390/su18126029


https://doi.org/10.3390/su18126029

Sustainability 2026, 18, 6029

8 of 19

Table 1. Temperature, relative humidity and soil parameters in control and open top chamber (OTC)

plots in pastures A, B and C during 2020 and 2021.

Pasture A (186 m) Pasture B (301 m) Pasture C (386 m)
Parameters Control OTCs Control OTCs Control OTCs
Year 2020
Mean monthly 20.07 + 6.88 a 21.38 £ 823b 18.83 £ 6.56 a 20.56 + 8.13b 17.10 £ 5.98a 17.89 £ 6.78 b
temperature (°C)
Mean monthly
relative 7752 +17.85a 73.38 +20.71b 8242 +16.76a 77.81 +19.89 b 89.17 + 13.67a 86.10 + 15.80 b
humidity (%)
pH 6.80 £ 0.06 a 6.69 £ 0.86 a 632£0.05a 630 £0.02a 558 £ 0.05a 552 £0.05a
P (mgkg?) 96.55 +3.89 a 105.40 £ 6.49 a 81.05+ 578 a 7465 +4.13a 25.65 + 2.67 a 30.30 £ 226
K (mgkg1) 377.75 + 3459 a 459.90 + 35.20 a 162.80 + 11.69 a 128.80 + 13.24b 98.10 + 16.82 a 96.90 + 1110 a
Ca (mgkg ™) 1693.40 + 47.16 a 1735.70 + 65.05 a 1290.05 + 36.17 a 1256.45 + 70.45 a 43330 + 36,14 a 469.05 + 28.46 a
Mg (mg kg~ 1) 336.70 + 2148 a 345.00 + 17.49 a 13145+ 8.35a 148.70 + 7.47 a 15320 + 1592 a 149.60 + 1132 a
OM (%) 656+ 0.23 a 71140292 816+ 031a 9.1140.18b 1120 + 024 a 1144 +023a
Year 2021
Mean monthly 18.63 £ 6.86 a 19.96 £ 824 b 16.54 £ 6.00 a 19.06 + 8.06 b 1641 £ 631 a 1722+ 693 b
temperature
Mean monthly 82.81 £ 1530a 77.98 £ 19.84 b 85.61 + 13.64a 79.76 + 18.44 b 90.73 £ 11.58 a 89.86 + 14.32b
relative humidity
pH 6.70 £ 0.06 a 6.69 £ 0.06 a 6.30 £ 0.04 a 623£0.28a 573+ 0.06a 5.61 £ 0.04 a
P (mgkg?) 8535+ 557 a 9410 + 684 a 69.90 £ 7.41a 68.60 +£592a 27.60 £3.70a 31.55+248a
K (mgkg1) 333.15 + 42.60 a 407.10 + 39.77 a 158.45 + 23.07 a 12815+ 1876 a 5245+ 6.03a 4750 £ 5.68 a
Ca (mg kg ™) 1629.15 + 46.83 a 1833.65 + 72.75 b 1134.65 + 49.13 a 1281.10 + 51.19 b 26820 +19.71 a 24215 + 16.54 a
Mg (mg kg~ 1) 311.90 + 1419 a 349.15 +20.25 a 125.00 + 9.54 a 158.85 + 10.16 b 8745+722a 7790 +5.60 a
OM (%) 730 £ 0.25a 7.87 £ 0.16 b 852+ 0.34a 954+ 0.17b 9.90 +0.29a 10.00 +0.26 a
Captions: °C—degrees celsius; %—percentage; mg kg~ !—milligram per kilogram. Values are mean values of
10 samples & SE. The means with different letters are significantly different (Tukey test, p < 0.05).
3.2. Forage Production
Net forage productivity was significantly influenced by pasture and year, whereas the
overall effect of treatment was not statistically significant. Significant treatment x pasture
interactions indicated that treatment effects varied among pastures, while interactions
involving year were not significant. Model fit was substantially improved by incorporating
a heteroscedastic variance structure (AIC = 1639.77), compared with the homoscedastic
model (AIC = 1770.37). The model explained a moderate proportion of the variance, with
marginal and conditional R? values of 0.418 and 0.421, respectively.
Pairwise comparisons showed that treatment effects varied across pastures and years
(Table 2; Figure 3).
Table 2. Differences in net productivity between treatments (control and OTCs) in pastures A, B and
C during 2020 and 2021. n.s. = not significant; * p < 0.05; ** p < 0.01; *** p < 0.001.
Year Pasture Contrast Estimate SE df T-Ratio p-Value
2020 A Control-OTC ~1.063 0.486 234 —2.185 *
B Control-OTC —0.759 0.610 234 ~1.246 ns.
C Control-OTC —0.045 0.194 234 —0.231 ns.
2021 A Control-OTC ~2.307 0.486 194 —4.743
B Control-OTC ~1.817 0528 194 —3.443 *
C Control-OTC —0.269 0217 194 —1.237 ns.

In 2020, net forage productivity was significantly higher under OTC conditions only
in pasture A, whereas no significant differences were detected in pastures B and C. In 2021,
productivity was significantly higher under OTC treatment in pastures A and B, while
no significant effect was observed in pasture C. Overall, these results indicate that the
effect of warming on net forage productivity was context-dependent, varying across spatial
and temporal scales, with stronger and more consistent positive effects observed in 2021,
particularly in the two lower-altitude pastures.
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Figure 3. Net forage productivity (g m~2) per treatment (control and OTC) across pastures A
(186 m a.s.l.), B (301 m a.sl) and C (386 m a.s.l.) in 2020 and 2021. Significance from the lin-
ear mixed-effects model is represented on the graph as follows: ns = not significant; * p < 0.05;
*** p < 0.001.

3.3. Forage Chlorophyll Content

Pairwise comparisons showed that the effect of OTC treatment on chlorophyll content
varied across fields and years (Table 3; Figure 4). In 2020, chlorophyll content was signifi-
cantly higher under OTC conditions in fields A and B, whereas no significant difference
was observed in field C. In 2021, chlorophyll content remained significantly higher under
OTC treatment only in field A, while no significant differences were detected in fields B
and C. Overall, these results indicate that the effect of warming on chlorophyll content was
field- and year-dependent, with the most consistent positive response observed in field A.

Table 3. Differences in total chlorophyll content between treatments (control and OTCs) in pastures
A, B and C during 2020 and 2021. n.s. = not significant; * p < 0.05; ** p < 0.01; *** p < 0.001.

Year Pasture Contrast Estimate Std. Error df t-Value p-Value
2020 A Control — OTC —2.640 0.917 54.000 —2.877 **
B Control — OTC —4.037 1.820 54.000 —2.222 *
C Control — OTC 1.605 1.040 54.000 1.546 ns.
2021 A Control — OTC —4.786 1.100 54.000 —4.362 i
B Control — OTC —3.057 2.350 54.000 —1.303 ns.
C Control — OTC —0.0285 1.04 54 —0.027 ns.
A B C
*%* *
ns
s () (ns)
0.04 .
I N
Eg 0.03 ] l S
5 l_|_‘ | L=
E’ 0.02 ]
= 0.01 4 E3 Control
> *kk
ns * (ns E2 OTC
N (ns) (ns)
S
5 0.04 o
l o
0.03 N

0.02$$| #ﬁ ||||‘|

0.01
Control  OTC Control  OTC Control  OTC
Figure 4. Mean chlorophyll content per treatment (control and open top chamber—OTC) in pastures
A (186 m a.s.l.), B (301 m a.s.l.) and C (386 m a.s.l.) over two years of study—2020 and 2021.
Significance indicates pairwise differences between treatments within each pasture and year, based
on a linear mixed-effects model. ns = not significant; * p < 0.05; ** p < 0.01; *** p < 0.001.
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3.4. Forage Nutritive Parameters

During 2020, the nutritive parameters varied significantly across treatments and
sampling dates in the three pastures (Table 4).

Table 4. Differences in nutritive parameters between treatments (control and OTCs) in pastures A, B
and C, during winter, early spring, late spring, summer and autumn of 2020. n.s. = not significant;
*p <0.05 ** p <0.01; *** p < 0.001.

Pasture A (186 m) Pasture B (301 m) Pasture C (386 m)
2020 Metric Estimate SE p-Value Estimate SE p-Value Estimate SE p-Value
Winter DM 2.19 1.43 n.s. 1.64 1.10 n.s. —0.10 0.64 n.s.
(@ —-1.91 0.57 e —2.35 0.64 *x —0.62 0.64 n.s.
NDF 0.86 1.06 n.s. 0.40 1.10 n.s. 3.41 1.10 w
ADF 0.53 0.56 n.s. —-2.12 0.59 *x —0.58 0.57 n.s.
ADL 0.96 0.27 o 0.10 0.19 n.s. 0.53 0.21 *
EE —0.02 0.11 n.s. 0.01 0.13 n.s. 0.21 0.13 n.s.
Ash —1.30 0.31 o —1.43 0.35 o —1.46 0.36 o
Early spring DM 3.45 1.50 * 2.90 1.17 * 1.16 0.76 n.s.
(@ —-3.22 0.65 o —3.66 0.69 o —-1.93 0.70 *
NDF —4.54 1.19 wHx —4.99 1.21 b —1.99 1.21 n.s.
ADF 0.20 0.63 n.s. —2.45 0.65 o —-0.91 0.64 n.s.
ADL 0.75 0.29 * —0.11 0.21 n.s. 0.32 0.23 n.s.
EE —0.08 0.13 n.s. —0.06 0.14 n.s. 0.15 0.14 n.s.
Ash —0.58 0.34 n.s. -0.71 0.37 n.s. -0.73 0.38 n.s.
Late spring DM 3.48 1.50 * 2.93 1.18 * 1.18 0.76 n.s.
(@i 0.62 0.65 0.34 0.18 0.70 n.s. 1.91 0.70 0.01
NDF —-2.71 1.19 * —-3.17 1.22 * —0.16 1.21 n.s.
ADF 047 0.63 n.s. —2.19 0.66 *x —0.65 0.64 n.s.
ADL —-0.42 0.29 n.s. —1.28 0.21 b —0.85 0.24 e
EE 0.05 0.13 n.s. 0.07 0.15 n.s. 0.28 0.14 n.s.
Ash 0.48 0.34 n.s. 0.35 0.38 n.s. 0.32 0.39 n.s.
Summer DM - - - 1.83 1.10 n.s. 0.09 0.64 n.s.
(@ - - - —0.44 0.71 n.s. 1.29 0.71 n.s.
NDF - - - 0.47 1.21 n.s. 3.47 1.20 *
ADF - - - —1.81 0.64 ** -0.27 0.62 n.s.
ADL - - - —0.18 0.20 ns. 0.25 0.22 n.s.
EE - - - —0.14 0.15 ns. 0.07 0.14 n.s.
Ash - - - —-0.87 0.39 * —0.89 0.40 *
Autumn DM - - - - - - —0.60 0.67 n.s.
(@ - - - - - - 0.20 0.88 n.s.
NDF - - - - - - —-0.24 1.47 n.s.
ADF - - - - - - 0.26 0.76 n.s.
ADL - - - - - - 0.18 0.30 n.s.
EE - - - - - - 091 0.17 o
Ash - - - - - - 0.05 0.50 n.s.

Dry matter (DM: %), crude protein (CP: % DM), neutral detergent fibre (NDF: % DM), acid detergent fibre
(ADF: % DM), acid detergent lignin (ADL: % DM), ether extract (EE: % DM), ash (% DM).

In pasture A, during winter, ADL was higher under control conditions than in OTC
plots, whereas the opposite pattern was observed for ash and CP, which increased by
approximately 8% and 2%, respectively, under warming conditions (Figure S1). In early
spring, DM and ADL decreased in OTC plots, while CP and NDF increased by 23% and
10%, respectively, relative to the control (Figure S1). In late spring, DM values differed
significantly between treatments, with higher values in the control than in the OTC plots. In
contrast, NDF showed the opposite pattern, with higher values under warming conditions
(Table 4; Figure S1).

In pasture B, during winter, warming conditions led to increases in CP, ash, and ADF
of approximately 18%, 13%, and 2%, respectively, compared to control plots (Figure S2).
A similar response was observed in early spring, with warming increasing CP, ash, and
ADF by approximately 34%, 8%, and 2%, respectively, relative to the control (Figure S2).
In late spring, significant treatment effects were detected only for fibre fractions, with
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NDF, ADEF, and ADL values being higher in OTC than in control plots (Table 4). ADL
increased by approximately 43% under OTC conditions, while the increases in NDF and
ADF were more moderate (3% and 8%, respectively). In summer, only ADF and ash
differed significantly between treatments, with both parameters showing higher values
under warming conditions. OTC treatment increased ash and ADF values by approximately
7% and 4%, respectively (Table 4).

In pasture C, during winter, only ash, NDF, and ADL varied significantly between
treatments. Ash values increased by approximately 22% under OTC conditions relative
to the control, whereas the opposite pattern was observed for NDF and ADL (Figure S3).
During early and late spring, no significant differences in nutritive parameters were found
between treatments in pasture C (Table 4). In summer, only NDF differed significantly
between treatments, with higher values under control conditions than in OTC plots (Table 4).
A similar pattern was observed for EE, which was also higher in control than in OTC plots
(Table 4).

In the second year of this study, nutritive parameters also varied significantly between
treatments across the different sampling dates (Table 5).

In pasture A, during winter, CP and ash values were higher in OTC plots than
in control plots, whereas the opposite pattern was observed for ADL. Warming con-
ditions increased CP and ash by approximately 14% and 4%, respectively (Figure S4).
During spring, only ash varied significantly between treatments, showing an opposite
response compared to winter, with higher values under control than under OTC conditions
(Table 5; Figure S4).

Table 5. Differences in nutritive parameters between treatments (control and OTCs) in pastures A, B
and C, during winter, early spring, late spring, summer and autumn of 2021. n.s. = not significant;
*p <0.05;** p <0.01; *** p < 0.001.

Pasture A (186 m) Pasture B (301 m) Pasture C (386 m)
2021 Metric Estimate SE p-Value Estimate SE p-value Estimate SE p-Value
Winter DM 3.16 143 n.s. 2.61 1.10 ** 0.86 0.64 ns.
CP —2.66 0.58 e -3.10 0.64 xR 1.36 0.65 *
NDF —-1.01 1.06 ns. —1.46 1.11 ns. 1.54 1.10 n.s.
ADF 0.18 0.56 n.s. —247 0.59 b —0.93 0.57 n.s.
ADL 0.72 0.27 ** —0.15 0.19 ns. 0.28 0.21 ns.
EE —0.04 0.11 n.s. —0.01 0.13 ns. 0.19 0.13 ns.
Ash —0.15 0.31 e —0.28 0.35 ns. —0.31 0.36 n.s.
Spring DM 0.72 1.49 ns. 0.17 117 ns. —1.58 0.76 *
cP —1.12 0.64 n.s. —1.56 0.69 o 0.18 0.70 n.s.
NDF 0.48 117 n.s. 0.03 1.21 ns. 3.03 1.20 *
ADF 1.19 0.62 n.s. —1.46 0.65 ** 0.07 0.63 ns.
ADL —-0.13 0.28 ns. —1.00 0.21 o —-0.57 0.23 *
EE —-0.15 0.12 ns. —0.13 0.14 ns. 0.08 0.14 n.s.
Ash 0.74 0.34 * 0.61 0.37 ns. 0.59 0.38 ns.
Summer DM - - - 2.80 1.10 ns. 1.06 0.64 n.s.
CP - - - -1.19 0.71 ns. 0.55 0.71 ns.
NDF - - —1.40 1.21 ns. 1.60 1.20 n.s.
ADF - - - —2.16 0.64 b —0.62 0.62 n.s.
ADL - - - —0.42 0.20 e 0.01 0.22 ns.
EE - - - —0.16 0.15 ns. 0.05 0.14 ns.
Ash - - - 0.28 0.39 ns. 0.25 0.40 ns.
Autumn DM - - - - - 0.37 0.68 ns,
CP - - - - - - —0.55 0.89 ns
NDF - - - - - - —2.11 1.49 n.s
ADF - - - - - - —0.08 0.77 ns
ADL - - - - - - —0.07 0.30 n.s
EE - - - - - 0.89 0.17 o
Ash - - - - - - 1.20 0.50 *

Dry matter (DM: %), crude protein (CP: % DM), neutral detergent fibre (NDF: % DM), acid detergent fibre
(ADF: % DM), acid detergent lignin (ADL: % DM), ether extract (EE: % DM), ash (% DM).

In pasture B, significant treatment effects were detected during winter for DM, CP, and
ADF (Table 5). Except for DM, all nutritive parameters were higher under OTC conditions,

https://doi.org/10.3390/su18126029


https://doi.org/10.3390/su18126029

Sustainability 2026, 18, 6029

12 of 19

with warming leading to approximately 45% increases in CP and 9% in ADF relative to the
control (Figure S5). During spring, CP, ADF, and ADL also differed significantly between
treatments and were consistently higher in OTC than in control plots (Table 5). Under
warming conditions, CP, ADF, and ADL increased by approximately 5%, 3%, and 4%,
respectively (Figure S5). In summer, fibre fractions (ADF and ADL) exhibited a similar
pattern, being higher under OTC conditions (Table 5). Warming increased ADF and ADL
values by approximately 16% and 12%, respectively (Figure S5).

In pasture C during winter, CP values were higher in the control than in the OTC
plots (Figure S6). In spring, DM, NDF, and ADL varied significantly between treatments
(Table 5). Warming increased DM and ADL values by approximately 19% and 12%, re-
spectively, while NDF showed the opposite response, with higher values under control
conditions (Figure S6). During summer, no significant differences in nutritive parameters
were detected between treatments. In autumn, only ash and EE differed significantly
between treatments, with higher values in control than in OTC plots (Table 5; Figure S6).

3.5. Correlation Between Soil Chemical Elements and Forage Nutritive Parameters

Figure 5 shows the redundancy analysis (RDA) triplot based on the first two canonical
axes. According to the statistical summary, Axis 1 explained 49.14% and Axis 2 12.09%
of the total variation, together accounting for 61.23%. Overall, the explanatory variables
accounted for 65.78% of the total variance, with an adjusted explained variation of 63.39%.
The overall RDA model was statistically significant according to the Monte Carlo permuta-
tion test (pseudo-F = 27.5; p = 0.002; 999 permutations).

e
-

Axis 2 (12.09%)

-038

- 1.0 I Axis 1 (53.69%) ' 45 '

Figure 5. Redundancy analysis (RDA) of the relationships between soil chemical elements (red lines)
and forage nutritive parameters (blue lines) from pastures A (orange squares), B (yellow stars) and C
(green triangles) using Canoco 5.0. DM—dry matter, CP—crude protein, NDF—neutral detergent
fibre, ADF—acid detergent fibre, ADL—acid detergent lignin, EE—ether extract, Ash—mineral ash,
P—OIsen phosphorus, K—potassium, Mg—magnesium, Ca—calcium, OM—organic matter, pH.
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Individual permutation tests further showed that all selected soil variables significantly
contributed to the ordination pattern. Phosphorus (P) was the most important ex-planatory
factor (F = 39.7; p = 0.001), followed by Ca (F = 14.3; p = 0.001), K (F = 13.4; p = 0.002), Mg
(F=8.5,p=0.001), pH (F=6.7; p = 0.005), and OM (F = 4.1; p = 0.020). These results indicate
that mineral-related soil properties, particularly P, Ca, and K, were the main drivers of the
variation in forage nutritive parameters.

Organic matter was positively associated with CP, ether extract EE, and ash, and this
relationship was mainly linked to samples from pasture C, where the highest OM values
were observed. In contrast, these nutritive parameters were negatively associated with soil
pH and with concentrations of P, K, Ca, and Mg.

Conversely, DM and the fibre fractions (ADF, NDF, and ADL) were positively as-
sociated with soil pH and P, K, Ca, and Mg, whereas they were negatively associated
with OM. Samples from pastures A and B were distributed mainly on the positive side of
Axis 1, reflecting their association with higher concentrations of soil minerals and with
fibre-related nutritive parameters. By contrast, samples from pasture C were concentrated
on the negative side of Axis 1 and were more closely associated with higher OM, CP, EE,
and ash values. This distribution indicates a clear ecological separation among pastures,
with A and B associated with more mineral- and fibre-enriched conditions, whereas C was
associated with greater organic matter accumulation and higher nutritive quality.

4. Discussion
4.1. Soil Properties

Climate change may alter several aspects of soil chemistry, including pH, salinity,
and nutrient availability [4,50]. Experimental warming led to higher OM content, possibly
due to higher plant productivity and its greater contribution to soil, especially in lowland
pastures. Warming was also linked to higher Ca and Mg concentrations in the lower
pastures. One possible explanation is that changes in OM inputs and turnover under
warmer conditions affected nutrient retention in these soils [51-53].

4.2. Forage Production Dynamics

Forage production in grassland systems reflects the combined influence of several
environmental factors, especially temperature and precipitation, which also affect plant phe-
nology and forage quality [7,10,11]. In this study, the effects of warming differed along the
altitudinal gradient: the strongest positive responses occurred in pastures A and B, while
pasture C showed weaker and more variable responses. This result contradicts previous
studies in which biomass decreases with increasing temperature [54-56]. However, several
studies also reported a positive effect of rising temperature on forage productivity. Chaplin-
Kramer and George [14] projected an increase in forage production within the growing
season, counterbalanced by shorter growing seasons. More recently, Gémara et al. [13]
reported that simulated productivity during 1955-2015 was 29% higher than during
1959-1979. The authors further suggested that this increase was consistent with the ob-
served long-term rise in temperature and atmospheric CO,, as well as multi-decadal
changes in incident solar radiation. Nevertheless, during both study years, no significant
change in net forage productivity was detected in the upland pasture. This suggests that, at
higher altitude, a simple increase in temperature was not sufficient to consistently enhance
either physiological activity or forage production, indicating the persistence of other limit-
ing environmental factors. Previous studies on the warming effect on plant productivity
have shown inconsistent results in high-altitude pastures. For example, Volk et al. [57]
showed that the productivity of seminatural systems responds positively to warming of up
to +1.8 °C during the growing season, corresponding to +1.3 °C in mean annual tempera-
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ture. By contrast, Liu et al. [21], in a manipulative experiment in Tibetan grassland, found
that climate warming and the associated drying did not affect net primary production, but
did shift biomass allocation belowground due to changes in plant community composition.

A similar altitudinal pattern was observed for chlorophyll content, which increased
significantly under warming in the most responsive pastures (A and B). This finding is
ecologically relevant because chlorophyll is closely associated with photosynthetic capacity
and plant productivity. Previous studies have shown that warming can increase chloro-
phyll concentration and modify its distribution in grassland systems, particularly where
temperature remains a key limiting factor [58]. In addition, seasonal variation in grassland
photosynthetic capacity is strongly regulated by temperature and atmospheric demand.
Therefore, the higher chlorophyll content observed under OTC conditions is consistent
with enhanced physiological activity and, consequently, greater biomass accumulation in
the lower-altitude pastures [55,56].

4.3. Forage Quality

Forage quality is a key factor for pasture use and directly affects livestock perfor-
mance [59]. However, forage quality can vary greatly over the growth season due to
several factors, with precipitation and temperature being the most important [1,15,20]. The
response of forage nutritive quality to warming was more complex than the response of pro-
ductivity or chlorophyll, but it still varied clearly with season and altitude. This shows that
warming did not affect all nutritive traits in the same way. During winter and early spring,
warming often increased CP and ash, especially in pastures A and B, indicating improved
forage value during cooler periods, when growth is usually temperature-limited [60,61].
Our finding is consistent with that of Fariaszewska et al. [62], who reported a similar
response in Lolium perenne. Likewise, Li et al. [34] observed an increase in CP content
under warming in alpine meadows, suggesting that the direction of nutritive responses
depends on site conditions and on the balance between growth stimulation and shifts in
plant composition.

In addition, in pasture A, the consistent increase in CP and ash under warming condi-
tions during winter and early spring, together with the reduction in ADL during the same
periods, suggests an improvement in both forage nutritive value and digestibility. However,
in pasture B, the warming-induced increase in CP was increasingly accompanied by higher
fibre fractions (NDF, ADF, and ADL) later in the season. These results suggest that warming
may initially enhance forage nutritive quality, but later accelerate plant development and
tissue maturation, leading to increased structural carbohydrate accumulation and reduced
digestibility during the warmer seasons [1,20,63].

By contrast, pasture C showed fewer and less consistent responses in nutritive pa-
rameters, and some forage quality variables were even higher under control conditions in
certain seasons. These findings were consistent with studies showing that warming effects
across elevations can differ substantially, as climatic sensitivity is influenced by topogra-
phy, soil properties, and plant community structure [3,23,34]. In other words, warming
does not necessarily improve forage quality at higher elevations, particularly where other
environmental constraints remain dominant.

4.4. Soil-Forage Relationships

These contrasting responses can be better understood in light of the RDA results,
which showed that forage nutritive parameters were strongly structured by soil chemical
properties. Among the soil variables measured, P showed the strongest association with
the observed variation in forage traits, followed by Ca, K, Mg, pH, and OM. This result is
consistent with the central role of phosphorus in plant growth and with the influence of soil

https://doi.org/10.3390/su18126029


https://doi.org/10.3390/su18126029

Sustainability 2026, 18, 6029

15 of 19

pH on nutrient availability [64,65]. In grassland systems, warming may also affect phospho-
rus dynamics through changes in plant uptake, microbial activity, and enzyme-mediated
processes, with these responses varying according to temperature and soil chemical con-
ditions [5,66]. The ordination separated pastures A and B from pasture C, with pastures
A and B being associated with higher P, Ca, K, Mg, pH, as well as DM and fibre fractions,
whereas pasture C was more closely associated with OM, CP, EE, and ash.

This suggests that the lower- and intermediate-altitude pastures operated under
a more mineral-driven fertility regime, whereas the highest-altitude pasture was more
closely linked to organic matter-related processes. Similar patterns have been reported
in grasslands where nutrient supply, especially phosphorus balance, affects forage yield
and quality, while organic matter contributes to nutrient buffering and greater system
stability [67,68].

This interpretation explains why warming in pastures A and B was more often asso-
ciated with higher DM and fibre fraction traits, particularly later in the season, whereas
pasture C showed fewer and less consistent responses. Our previous study [20] also demon-
strated a positive correlation between DM and fibre fractions in pastures A and B. This
finding is in line with previous studies [20,29,69] and could be explained by a more rapid
plant maturation, which increases the stem-to-leaf ratio and cell wall content, including
lignin, due to higher temperatures during the warmer seasons. Perotti et al. [15] revealed
that higher forage NDF and ADF contents are associated with sites with higher tempera-
tures, lower precipitation, and higher soil K availability. Overall, the RDA suggests that
warming responses depend on both temperature and local soil fertility.

4.5. Future Perspectives

This study provides new insights into how pasture systems in the Azores may respond
to rising temperature across an altitudinal gradient. It improves current understanding
of how rising temperature may influence forage production, chlorophyll content, and
forage quality in this system. The results also show that soil fertility, season, and local site
conditions must be considered when interpreting pasture responses to warming. Further
work is needed to better understand how climate, vegetation, and management interact
across different timescales.

In addition, government entities need to implement efficient adaptation strategies,
such as defining grazing intensity based on pasture forage production and quality, and
reducing stocking numbers to avoid pasture degradation, especially in lowland pastures.
Furthermore, the effect of increasing temperature on forage productivity and quality still
needs to be evaluated in the near future across different pasture management systems,
including seminatural pastures.

5. Conclusions

Over the two years of study, experimental warming influenced pasture productiv-
ity, chlorophyll content, and forage nutritive quality along the altitudinal gradient, with
responses varying across years and seasons. The most consistent positive responses oc-
curred in the lower- and intermediate-altitude pastures, where warming increased forage
productivity, chlorophyll content, and, during winter and early spring, crude protein and
ash. However, warming also promoted higher fibre fractions later in the season, indicating
accelerated plant maturation and a potential decline in digestibility.

The RDA showed that these responses were strongly associated with soil fertility
gradients, particularly those related to P, Ca, K, Mg, pH, and OM, demonstrating that
warming effects depended not only on temperature increase itself, but also on the edaphic
context in which the pasture developed. Overall, the results indicate that climate warming
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is likely to alter both the quantity of forage produced and the seasonal patterns of forage
quality, highlighting the need to integrate soil-plant relationships, productivity, physiology,
and forage quality when evaluating the sustainability of pasture-based livestock systems
under future climate scenarios.

These findings suggest that adaptation of pasture-based livestock systems to climate
warming will depend not only on changes in forage production, but also on the ability
to manage seasonal shifts in forage quality across contrasting soil and altitudinal condi-
tions. Moreover, given the expected changes in precipitation patterns, effective adaptation
strategies will be required to address both the challenges and opportunities associated with
future climate change in this ecosystem.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/su18126029/s1, Table S1: Sampling dates in pasture A (186 m a.s.l.),
B (301 m a.s.l.) and C (386 m a.s.1.) in year 2020; Table S2: Sampling dates in pasture A (186 m a.s.l.), B
(301 ma.s.l) and C (386 m a.s.l.) in year 2021; Figure S1: Variation of the nutritive parameters of forage
plants between treatments (control and open top chamber—OTC) among the three sampling dates:
winter, early spring and late spring in pasture A (186 m a.s.1.) during year 2020; Figure S2: Variation of
the nutritive parameters of forage plants between treatments (control and open top chamber—OTC)
among the four sampling dates: winter, early spring, late spring and summer in pasture B (301 m a.s.1.)
during year 2020; Figure S3: Variation of the nutritive parameters of forage plants between treatments
(control and open top chamber—OTC) among the five sampling dates: winter, early spring, late
spring, summer and autumn in pasture C (386 m a.s.l.) during year 2020; Figure S4: Variation of
the nutritive parameters of forage plants between treatments (control and open top chamber—OTC)
between the two sampling dates: winter and spring in pasture A (186 m a.s.l.) during year 2021;
Figure S5: Variation of the nutritive parameters of forage plants between treatments (control and
open top chamber—OTC) among the three sampling dates: winter, spring, and summer in pasture
B (301 m a.s.l.) during year 2021; Figure S6: Variation of the nutritive parameters of forage plants
between treatments (control and open top chamber—OTC) among the three sampling dates: winter,
spring, and summer in pasture C (386 m a.s.l.) during year 2021.
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