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ARTICLE INFO ABSTRACT

Editor: Jed O Kaplan The Galapagos Islands are highly vulnerable to climate and environmental change, and nature-based solutions
can help local communities adapt local agricultural systems. Through a comparative analysis, we evaluated the
effects of three land management strategies on soil temperature, soil water availability and storage, and carbon
stocks in Santa Cruz Island (Galapagos Archipelago). We installed six monitoring sites that consisted of two
replicates per pathway: (i) the avoided loss of tropical forest, (ii) the conservation of scattered trees and living
fences in at-risk agroforestry system, and (iii) the increase in biomass after a reduction of the grazing intensity.
The monitoring sites were equipped with a dense network of rain gauges, air temperature and relative humidity
sensors, and capacitance/frequency probes that registered volumetric water content and soil temperature. After
pedological characterization of the soil profiles, the soil physico-chemical and hydrophysical properties were
determined in laboratory. Over a period of 30 months (July 2019 to December 2021), hydrometeorological and
soil environmental data were collected.

We assessed differences in soil temperature, moisture availability and soil organic carbon content between
native forests, sites under traditional agroforestry and under passive restoration. Forest soils were 12 % cooler;,
and soil moisture under forest was 20 % higher than in parcels with silvopastural management. Forest soils had a
lower dry bulk density, lower saturated hydraulic conductivity and higher water retention capacity in com-
parison with the other two management types. In silvopastural systems, a decrease of grazing intensity had a
positive effect on soil carbon stocks, that were about 50 % higher than in soils under traditional management.
This study shows that avoided loss of tropical forest within an agricultural landscape is a promising strategy to
mitigate increasing soil temperatures, agricultural drought, and decline in soil organic carbon content. Continued
monitoring of the experimental sites is necessary to corroborate the findings of this investigation at longer
temporal scales.
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1. Introduction

The Galdpagos Islands like many small islands in the Pacific Ocean
face sustainable development challenges. Because of their remoteness,
small population, and dependence on natural resources, they are highly
vulnerable to climate change impacts (Trueman et al., 2011). Climate
impacts include more frequent and intense weather events (such as
storms, floods, and heat waves), sea level rise, and ocean warming and
acidification. The Galapagos Islands have a small permanent population,

* Corresponding authors.

of about 25,000 inhabitants but they receive almost 216,000 tourists per
year (Instituto Nacional de Estadisticas y Censos, 2015). The economy is
highly dependent on tourism, services and fisheries, and in less extent on
agriculture (Burbano et al., 2022). Farming is mostly small-scale with
65 % of the farms having less than 5 ha of land that is used for cattle
grazing, and in less extent for cultivation of permanent crops, vegetables
and fruit (Alomia Herrera et al., 2022). Due to limited investment in
commercial agriculture and improved technology, local production has
become uncompetitive compared to imported products from the
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mainland: it is expected that by 2027, 95 % of the agricultural products
will be supplied from the mainland if no policies for sustainable agri-
culture are implemented (Sampedro et al., 2020).

The increasing reliance on food imports makes the islanders partic-
ularly vulnerable to exogenous shocks such as pandemics, climate im-
pacts, disruptions of supply chains or food price and supply volatility
(Davila et al., 2021). Besides food supply and security risks (Walsh and
Mena, 2016), food imports also increase ecological risks that are asso-
ciated with the arrival of invasive animals and pathogens, and they are
more demanding in terms of waste management (Gonzalez et al., 2008).
To address the increased threats to food security in the islands, there is a
renewed interest to strengthen local food systems on non-protected land
in Santa Cruz, San Cristébal, Isabela and Floreana Island. An important
co-benefit from local agricultural production is the potential to reduce or
revert agricultural land abandonment that enables the establishment
and propagation of invasive plant species, such as guava and blackberry,
that can propagate in neighbouring land parcels (Jager et al., 2009). The
rapid decrease of the endemic daisy tree Scalesia pedunculata in invaded
plots on Santa Cruz Island (Jager et al., 2024) illustrates how spreading
of invasive plant species negatively affected the regeneration of native
and endemic plants including the restricted areas within the national
park. This further emphasised the need to monitor the environmental
impacts of agricultural land abandonment.

Local agricultural production systems on the Galdpagos Islands are
concentrated in the humid highlands, and their environmental sustain-
ability is poorly studied. Climate change is already impacting the agri-
cultural sector (Mena et al., 2020) with a 0.6 °C rise of the mean land
surface temperature since the early 1980s and an increase in intensity
and frequency of El Nino storm events over the last 50 years (Grothe
et al., 2020). As a result of climate change, soils are more prone to
agricultural drought in the dry season (Sterling et al., 2013), and sus-
ceptible to water erosion and mass movements in the wet season
(Toohey et al., 2018). In 2023 and 2024, we registered rainfall events
with intensities of more than 125 mm per 24 h in the central parts of
Santa Cruz Island. They caused surface runoff in the agricultural area,
mudflows and flash floods in the ephemeral channels, and flooding
downstream (Paltan et al., 2023). Although these events caused major
damage to critical transport infrastructure, and residential and com-
mercial buildings, they are poorly documented in scientific literature
and not yet studied.

Nature-based solutions (NbS) are key to sustainable agriculture, as
they help to protect, sustainably manage or restore agricultural pro-
duction systems while simultaneously providing human well-being,
food security, and biodiversity benefits (Iseman and Miralles-Wilhelm,
2021). Some solutions, so-called nature-based climate solutions
(NbCS) directly prioritize climate benefits with the primary motivation
to mitigate GHG emissions and remove CO5 from the atmosphere (Buma
et al., 2024), and they include a wide range of pathways from protection
to improved management to restoration to manipulated systems.
Depending on the land use history and the durability of the NbCS
pathway, the implementation of NbCS can be a powerful strategy to
transform the agricultural sector of the Galapagos Islands towards more
sustainable production (Sonneveld et al., 2018).

In this study, we focused on three potential pathways of nature-based
climate solutions that are widely implemented in the non-protected area
of Santa Cruz Island. The first pathway, the avoided loss of tropical
forest, concerns preservation of forest remnants on agricultural land.
These remnants of forests are typically located at remote locations, far
from the farm house and access routes (Alomia Herrera et al., 2022), and
at the margin of the national park. The second and third pathways
concern agroforestry practices. We studied existing silvopastural sys-
tems that combine woody species (shrubs and trees) and livestock, and
characterized them using Hart et al. (2023) conceptual framework for
nature-based climate solutions in agroforestry. Pathway 2 concerns the
conservation of scattered trees in pastures, and conservation of living
fences in at-risk agroforestry system, while pathway 3 corresponds to an
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increase in biomass after a reduction of the grazing intensity. In 2019,
we selected sites for field monitoring, characterized the major soil
physicochemical and soil hydraulic properties per site, and then
equipped two true replicates per NbCS pathway with soil and weather
sensors. The sites have similar soil type, lithology, topography, and
climate, but different NbCS pathway which enables us to evaluate air
and soil temperature and humidity temporal variations, soil physico-
chemical properties, and soil C stocks under different natural climate
solutions.

2. Study area

Santa Cruz Island is located in the central part of the Galapagos
Archipelago, and is a 992 km? shield volcano (Bow, 1979) rising 950 m
above sea level (White et al., 1993), that emerged about 2 million years
ago (Schwartz, 2014) (Fig. 1). The island has an inverted-plate shape,
with gentle slopes (5 to 10°) in the summital part, steep to very steep
slopes (15 to 25°) in the middle part, and gentle slopes (2°) in the basal
parts (McBirney and Williams, 1969; Schwartz, 2014). Other remark-
able topographic features are the steep volcanic cinder cones, large pit
craters (of more than 100 m diameter and 100 m depth) and deeply
incised ephemeral or permanent river channels (Schwartz, 2014). The
oscillation of the ITCZ provides the archipelago with temperate weather
characterized by a hot wet season between January and May with spo-
radic but intense precipitation and a cool “gartia” season between June
and December with persistent cloud cover and frequent drizzle in the
uplands (Trueman and d’Ozouville, 2010). In Charles Darwin station (2
m a.s.l.), temperatures of 23-32 °C are recorded in the hot season and
20-25 °C in the “gartia” season. On the windward slope of Santa Cruz
Island, there exist strong rainfall gradients during the hot and cold
seasons, with mean annual rainfall amounts of less than 300 mm at 2 m
a.s.l. in the coastal lowlands and more than 1600 mm in the central
highlands (Alomia Herrera et al., 2022 based on Trueman and d’Ozou-
ville, 2010). A lapse rate of —0.8 °C per 100 m elevation is observed
(Trueman and d’Ozouville, 2010): the median annual temperature
ranges from 23 °C to 25 °C at 2 m a.s.l. at the Charles Darwin Research
Station and decreases to 18 °C to 21 °C in the highlands.The inter-annual
variation in rainfall can be substantial due to El Nino Southern Oscil-
lations events (Mena et al., 2020; Paltan et al., 2021).

Soils developed on volcanic parent material (Lasso and Espinosa,
2018), and soil properties are controlled by regional hydroclimatic
conditions that vary with altitude, orientation, and vegetation cover
(Adelinet et al., 2008; Paque et al., 2024; Rial et al., 2017; Taboada
et al., 2016). Laruelle and Stoops (1967) and Stoops (2014) defined
three distinct pedological units on basalt flows: well-developed Andisols
in the very humid and humid highlands, Inceptisols and Alfisols in the
transitional wet and warm zones, and slightly weathered Entisols in the
arid zones. The soil organic carbon content in the topsoil varies strongly
with SOC content of 0.7 % in the arid coastal plain to more than 18 % in
the humid highlands (Rial et al., 2017). Similarly large variations are
observed in soil hydraulic conductivity ranging from 6.1 mm h™! to 61
mm h~! in the highlands of Santa Cruz island (Adelinet et al., 2008).

More than 88 % of the terrestrial area of Santa Cruz Island is pro-
tected since 1959, and part of Galapagos National Park. The remaining
area that is mostly located in central and windward side of the island
was intended for agricultural activities so that a self-sufficient rural
community could establish and develop. In 1961, only 500 inhabitants
lived on Santa Cruz Island (Black, 1973) and only 6 % of the non-
protected area was used for agriculture, and the remaining part was
covered by native vegetation. Agricultural expansion was prominent in
the 1960s and 1970s and created an anthropogenic rural landscape as
shown in (Alomia Herrera et al., 2022). From the 1990s onwards, the
surge of alternative income opportunities in tourism and travel-related
services reduced the pressure on the agricultural land. In 2018, forest
remnants were preserved on 7 % of the non-protected area, and more
than 75 % of the remaining land was under agroforestry (Alomia
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Fig. 1. Location of the six study sites in the central part of Santa Cruz Island (Galapagos Archipelago). Three pathways of nature-based climate solutions were
monitored: sites with (i) avoided loss of tropical forest, (ii) conservation of scattered trees and living fences in at-risk agroforestry system, and (iii) biomass increase

after a reduction of grazing intensity.

Herrera et al., 2022). Silvopastural systems are most common, but there
is a wide of variety of management practices adopted by the farmers.
While some farmers removed scattered trees and hedgerows on grazing
lands, others reduced the grazing intensity which facilitated an increase
of shrubs and trees (Jager et al., 2009; Sampedro et al., 2020).

3. Materials and methods
3.1. Soil sampling

In order to identify the most appropriate sites for a pairwise com-
parison of three pathways of nature-based climate solutions, a pre-
liminary soil survey was done in the non-protected area of Santa Cruz
Island to identify major variations in soil type, soil depth and structure.
After having surveyed more than 120 sites in the agricultural area, we
selected study sites in Santa Rosa that are located on the same basaltic
sheet flow with similar parent material composition and age. The un-
derlying parent material was dated by *°Ar/3°Ar geochronology on an
ARGUS VI multi-collector noble gas mass spectrometer at Oregon State
University following the methods described in Fox et al. (2021) and
Schwartz et al. (2022). All sites are located on topographical convexities
with low slope gradients without clear evidence of physical erosion or
deposition, and have slope gradients between 2 and 8 %. As the sites are
located within a 1 km? area, there is only minimal spatial variation in
meteorological conditions. As we controlled for confounding variation
from topographic effects, parent material composition and age, and
climate, we can evaluate air and soil temperature and humidity tem-
poral variations, soil physicochemical properties, and soil C stocks under
three pathways of nature-based climate solutions: (i) the avoided loss of
tropical forest, (ii) the conservation of scattered trees and living fences
in at-risk agroforestry system, and (iii) the increase in biomass after a
reduction of the grazing intensity.

For each NbCS pathway, two true replicate sites were selected on a
land parcel with similar management practices (Fig. 1). The replicates
are located at approximately 25 to 40 m distance from each other, and

all sites were fully equipped and monitored to verify reproducibility of
the results. Soil pits (1.2 by 1.2 m) were excavated to the unconsolidated
(regolith) layer that overlies the bedrock, reaching depths of 50 to 85
cm. Soil type, depth, texture, colour, consistency, porosity, root depth,
and structure of each horizon were described following the USDA
guidelines (USDA, 2014). Approximately 1 kg of bulk soil was collected
per pedogenic horizon for analysis of grain size, and soil organic carbon
content, and several fresh bedrock fragments were collected within the
regolith zone for physicochemical analyses and “°Ar/3°Ar dating. A
separate set of undisturbed soil cores was taken with a soil core sampler
for the determination of bulk density and hydrophysical properties, with
three replicate samples per horizon. The samples were stored cool (4 °C)
for further analysis following the procedure described in Carter and
Gregorich (2007).

3.2. Hydrometeorological data collection

An automatic weather station (HOBO U30 weather station NRC,
located at 455 m a.s.l. in pasture) records rainfall, air temperature and
relative humidity, incoming solar radiation and wind speed. To exclude
potential field-scale variability in meteorology, we also measure rainfall
(Rainwise 2.0), air temperature and relative humidity (HOBO U23-002)
at three other sites (P420, P450, and P500), respectively in the two types
of silvopastural systems and in the site with forest remnants (Table 1,
Fig. 2). The weather station, three rain gauges and three air tempera-
ture/relative humidity sensors were installed in 2019 following the
WMO guidelines, and are logging data since 2019 at 15 min intervals
(World Metereological Organization WMO, 2018). In addition, eight
capitance/frequency-domain probes were installed at 50 cm depth to
track soil temperature, electrical conductivity and volumetric water
content variations for the three NbCS pathways. The METER TEROS 12
probes were installed at all six sites at 1 m distance upslope of the soil
pits and were inserted at 50 cm depth. In two sites (FOR2 and ABAN1),
an extra sensor was installed at 2 m distance from the first sensor for
internal cross-validation of the data. All soil sensors were connected to
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Table 1

Global and Planetary Change 243 (2024) 104598

Hydrometeorological sensors installed in the experimental sites, with indication of start of the measurements.

NbCS pathway Sensor type code Type of sensor Start of measurement
Avoided loss of forest Frequency capacitance probe FOR1 Meter TEROS12 13/09/2019
Frequency capacitance probe FOR21 Meter TEROS12 13/09/2019
Frequency capacitance probe FOR22 Meter TEROS12 30/12/2019
Tipping-bucket rain gauge P500 Rainwise 28/06/2019
Temperature and rel. humidity TH500 HOBO U23-002 04/07/2019
Silvopastural system with biomass increase Frequency capacitance probe ABAN11 Meter TEROS12 13/09/2019
Frequency capacitance probe ABAN12 Meter TEROS12 29/12/2019
Frequency capacitance probe ABAN2 Meter TEROS12 13/09/2019
Tipping-bucket rain gauge P420 Rainwise 28/06/2019
Temperature and rel. humidity TH420 HOBO U23-002 04/07/2019
Silvopastural system with conservation of trees Frequency capacitance probe AGRI1 Meter TEROS12 13/09/2019
Frequency capacitance probe AGRI2 Meter TEROS12 13/09/2019
Weather station P450 HOBO U30 28/06/2019

EM50 and/or ZL6 dataloggers and are logging data since 2019 at 15 min
intervals. The hydrometeorological data were aggregated to daily and
monthly values for further analysis.

3.3. Determination of soil chemical and hydrophysical properties

The bulk soil samples were air dried and passed through a 2 mm sieve
to obtain the fine fraction for laboratory analysis, and the coarse soil
fraction content (> 2 mm) was determined by weight. Soil texture of the
fine fraction was determined by the laser diffraction particle size ana-
lyser (LS 13320, Beckman Coulter). The preparation of samples for
texture analysis consisted of grinding a subsample of the fine earth
fraction, removal of carbonates with 10 % hydrochloric acid (HCI) and
organic matter with 35 % hydrogen peroxide (H205). Before analysis,
the samples were treated with ultrasonic to disperse clays. The texture is
expressed as a percent of the bulk soil (%) and is classified as sand (63 to
2000 pm), silt (2 to 63 pm) and clay (< 2 pm).

The hydrophysical soil properties were determined on undisturbed
soil samples (100 cm®) that were taken in triplicate per genetic horizon.
The saturated hydraulic conductivity (Ksat, mm h™!) was determined
with a permeameter using the constant head method, and results are
presented as the mean (and 1 standard deviation) of three

measurements. The soil water retention was determined on undisturbed
100 cm? samples using a sandbox setup for the wettest part of the po-
tential force (pF)-curve, and pressure plate extractors with ceramic
plates for pF values between 2 and 4.2. Samples were placed in the
sandbox on a kaolin/sand mixture substrate, serving as a medium be-
tween the water column and the samples. Suction was then applied to
the presaturated samples using a hanging column of water of 1, 3, 10, 31
and 70 cm causing the samples to lose moisture. In the pressure plate
extractors, the samples were placed on porous ceramic plates, and
pressure was applied. The pressure gradient desaturated the sample
until an equilibrium is reached. The measurements in the low-pressure
pan were realized at pressures of 0.1, 0.3 and 1 bar. For the measure-
ments at high pressure of 15 bar, composite samples were used. At all
steps, the samples were weighted to obtain the gravimetric water con-
tent at equilibrium.

All samples from the low-pressure pan were weighed and then placed
in the oven at 80 °C for 48 h, as suggested for soils with soil organic
carbon content >5 %. Oven-dried samples were again weighed to
calculate the dry bulk density, BD, expressed in g cm ™3, and to convert
the gravimetric into volumetric water content (VWC). We reported the
values of water retention as the VWC (m®m~>) for a given matric po-
tential ym (kPa), which is expressed as pF values, where pF; = log10

Fig. 2. View on the sites where the field equipment was installed. (A). Weather station located in the middle of the study area in a silvopasture system (P450). (B).
Pluviometer and air temperature/relative humidity probes installed in the at-risk silvopastural system with conservation of trees and living fences (P420) and (C).
View on the vegetation in the forest remnants where the soil frequency capacitance probes (METER TEROS12) are installed at 50 cm depth in the forest soil (FOR1).
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(—ym;). We then derived the water retention at saturation at pF =
0 (SAT), field capacity at pF = 2 (FC), and wilting point at pF = 4.18
(WP), as well as the total available water (TAW, m). The latter is
calculated by multiplying the difference in soil water content between
field capacity and wilting point by the depth of the horizon (m). The
supplementary material 2 contains the results of the pF analyses.

3.4. Determination of soil organic carbon

Soil organic carbon (SOC, %) was determined on 2 mm sieved dry
soil samples by dry combustion with an Elementar Variomax analyser
(<0.1 % precision). The total stock in soil organic carbon (SOCstock, Mg
ha~!) was derived based on Poeplau et al. (2017):

n
SOCstock = >~ SOG; x BD; x Dj(1 — RF;)

i=1

where SOG; is the soil organic carbon (mg g~ %), BD; is the dry bulk
density (g cm’?’), D; is soil depth (cm), and RFi is the rock fragment
content (%) of soil horizon i. Given that soil thickness varied between
sites, we normalized the values to equivalent soil depths of 1 m, and then
applied conversion factors to express the SOCstock in Mg ha™?.

3.5. Data quality control and statistical analysis

To corroborate the coherence of the meteorological and soil physical
data, standard data quality assurance and control procedures were
applied including preliminary data exploration and processing
addressing issues with time formatting and data compilation, detection
and flagging of duplicates, outliers and bad (extreme) data using cross-
validation techniques with complementary data, and then quantification
of eventual data gaps, and the development of complete time series. The
data were then formatted to be analysed in R 4.2.2 Software (R Core
Team, 2022).

To evaluate the reproducibility of the data, we first tested whether
the replicate sites are similar in terms of soil temperature, water avail-
ability and storage, and soil hydrophysical properties. For the evaluation
of the soil hydrophysical properties, we grouped the samples per genetic
horizon. We used the Dplyr and Stats package (R Core Team, 2022;
Wickham et al., 2019). Given that replicate measurements were statis-
tically similar (p < 0.05), we then evaluated potential differences in the
time series of soil surface temperature, and soil water content and
availability for plants between different NbCS pathways. We also tested
for differences in soil water availability and storage, and bulk density
between sites using one-way analysis of variance (ANOVA). P-values
were estimated using the Bonferroni correction in the kruskal.test

Table 2
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function of the “PMCMRplus 1.9.4” package (Pohlert, 2021). As the p-
values showed heterogeneity of means, the Dunn’s post-hoc all-pairs
comparison test was applied. Possible dependence of the soil water
content and availability on soil physical properties was studied with
Pearson’s correlation analyses using the function corr in the “Corrplot
package 0.92” (Taiyun and Simko, 2021).

4. Results
4.1. Meteorology of the study area

Over the 30-month period from June 2019 to December 2021, the
mean annual rainfall was 1291 mm in P420, 1552 mm in P450, and
1485 mm in P500 over a 1 km? area, showing a 18 % difference between
sites. There is a strong seasonal pattern in rainfall, with January,
February, and March recording the highest rainfall amounts and May the
lowest. Rainfall during the “garua” season (June to December) ranged
from 52 mm to 120 mm per month, which coincides with the months
with lower-than-average air temperatures (Fig. 3). Mean annual air
temperature ranged between 19.9 and 20.4 °C and shows very little local
variation over the 1 km? study area. However, there is considerable
seasonal variation, with March having the highest mean monthly tem-
perature and May the highest daily temperature. Relative humidity
remained consistently high and only decreased below 50 % shortly after
the rainy season. The most prominent wind directions are South and
South-East.

4.2. Soil profile description and key soil properties

Soils developed on basaltic parent material, with “°Ar/3°Ar ages of
84.0 + 24.1 ka, 94.4 + 13.8 ka, and 108.6 + 31.0 ka (Supplementary
material 1, reported as mean + 2 sigma full external error). Based on the
numerical age control and the overall geomorphic setting of the study
area, we are ascertained that the soils developed on basalt flows of
similar age and, hence, composition. The ages of the basaltic flows are
consistent with the “°Ar/3°Ar ages for the Shield Series’ basalts reported
by Candra et al. (2021), Schwartz et al. (2022) and Paque et al. (2024).

Soils were classified as Andisols, and soils are generally thin as the
depth to the C horizon ranged from 43 to 80 cm. There is some local
variability in soil depth, with slightly deeper soils (i.e., 70 to 80 cm) in
the western part of the study area where the parcels with silvopasture
with conservation of scattered trees and living fences are located, and
shallower soils (i.e., 45 to 60 cm) in the eastern part in parcels under
native forest or silvopasture with reduction of grazing intensity. The
effective root depth is 80 to 110 cm in the area (Table 2), and roots
penetrate in the weathered parent material. The effective root depth

Main soil properties (colour, structure and consistency), granulometry of the fine fraction and soil organic carbon content.

Soil profile Root depth Soil horizon Depth Colour Structure Clay Silt Sand Soil texture Organic carbon
(cm) (cm) (%) (%) (%) (%)
FOR1 45 Al 0-12 5YR4/2 moderately thin granular crumb 36.4 63.5 <0.1 silty clay loam 10.3
CA 12-40 7.5 YR 3/2 structureless thin massive 28.9 70.3 0.7 silt loam 5.6
C 45-55 5YR 3/2 moderately thin granular crumb 18.2 73.9 7.8 silty clay loam 4.8
FOR2 40 A 3-15 7.5YR 4/2 structureless thin massive 46.8 53.2 <0.1 silty clay 10.8
Cl 14-45 5YR 3/2 moderately thin granular crumb 30.2 69.3 0.5 silty clay loam 4.6
ABAN1 40 A 12-25 7.5YR 4/2 structureless thin massive 39.8 60.2 <0.1 silty clay loam 6.9
C1 25-60 5YR4/2 moderate medium granular crumb 36.4 63.1 0.5 silty clay loam 3.1
ABAN2 46 A 1-15 7.5YR 4/2 moderate thin granular crumb 41.2 58.9 <0.1 silty clay 10.1
Cl 15-50 7.5 YR 3/4 weak thin granular 39.8 60.2 <0.1 silty clay loam 4.8
AGRI1 110 Al 3-30 5YR4/2 moderate medium granular crumb 32,5 67.1 0.4 silty clay loam 4.2
A2 30-55 7.5YR 4/2 moderate thin granular crumb 18.2 64.0 17.8 silt loam 1.5
AC 55-70 7.5 YR 3/4 weak thin granular 17.8 58.0 24.2 silt loam 0.9
AGRI2 80 Al 3-18 5YR3/3 moderately thin granular crumbs 36.7 63.3 <0.1 silty clay loam 6.2
A2 18-65 7.5YR 4/2 weak, very thin massive 29.1 65.5 5.3 silty clay loam 1.9
AC 65-80 7.5 YR 4/2 weak very thin massive 38.3 61.6 0.1 silty clay loam 1.9
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follows the same variation as the soil depth. The soils displayed
distinctive horizons with contrasting colours: The A horizons were
characterized by a dark brownish colour, and abruptly separated from
and in sharp contrast to the underlying horizons that exhibited light-
colored (e. g., light brownish or yellowish) subsoil or saprolite mate-
rial that is intensely weathered (Fig. 4). Soil texture analyses show high
loam (53.4 to 73.9 %) and clay (17.8 to 46.8 %) fractions, and a very low
sand fraction (< 7.8 %, Table 2).

Soil temperature.

Soil temperatures (at 50 cm depth) of all monitoring sites in silvo-
pastural systems (pathway 2 and 3) were similar, with no significant
differences in soil temperatures between the two management practices
(ANOVA followed by Dunn’s post-hoc all-pair comparison, p > 0.05).
The mean annual soil temperature in these sites was 22 °C, which is
about 12 % higher than the mean annual air temperature (Fig. 5A, B &
D). Over the year, soil temperatures under silvopastural management
varied between 20 °C and 25 °C. In contrast, soil temperatures under
forest remnants (pathway 1) were significantly lower than under silvo-
pastural management and ranged between 17 °C and 23 °C (Fig. 5). In
the forest soils, the median annual soil temperature at 50 cm depth was
very close to the median annual air temperature (i.e., 21 °C) and 3 %
higher than the mean air temperature.

The ratio of soil/air temperature is a measure of heat transport in the
soil. When the soil/air temperature ratio is higher than the unit, this
means that the soil temperature is higher than the air temperature. The
parcels under silvopastural management were first taken into

N Mean monthly precipitation N

Mean monthly temperature ¢
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cultivation in the 1960s when farmers converted native forest to crop-
land and, later on, pasture. In these sites, the ratio of soil to air tem-
perature fluctuated between 0.69 and 1.51, with a mean value of 1.14.
In the area where native forest is conserved, the soil to air temperature
varied between 0.77 and 1.68 throughout the year, with a mean value of
1.03 (Fig. 5E).

Temporal variations in air and soil temperatures at 50 cm depth
showed a nearly sinusoidal seasonal pattern with superimposed short-
term fluctuations (Fig. 6). Short-term variations are clearly visible in
the data collected at 15 min interval (Fig. 6D) with soil/air temperature
variations of 0.70 to 1.65 due to strong daily variations in air temper-
ature. When aggregating data at daily time step (Fig. 6E), the seasonal
trends become visible with ratios fluctuating between 0.90 and 1.36.
Relative daily warming of the soil is strongest during the cooler months
of the “garua” season (July to November), and the soil/air temperature
ratio oscillated between 1.09 and 1.36 in the silvopastural systems and
between 0.98 and 1.19 in the forest remnants. During the warmer sea-
son, the daily warming of the soil is lower, and the soil/air temperature
ratios oscillated between 0.98 and 1.13 in silvopastural systems and
between 0.90 and 1.07 under forest. Fig. 6A illustrates that daily mean
soil temperature under the forest remnants stayed below the daily mean
air temperature at the start of the warmer season. Counterintuitively,
soil warming is lowest during the months with highest solar radiation
(Fig. 6E) and lowest relative humidity (Fig. 3), and this can be explained
by strong variations in air temperature over the day with cooling of the
air during the night and warming during the day.
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Fig. 3. Mean monthly rainfall (mm), air temperature (°C) and relative humidity (%) over the period July 2019 to December 2021 for the stations located at 420, 450
at 500 m altitude. The whiskers represent the minimum and maximum temperature and relative humidity. The location of the weather stations is shown in Fig. 1.
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Fig. 4. Photographs of three representative soil profiles under forest remnants (left), silvopastural systems with reduction of grazing intensity (middle) and with
conservation of trees and living fences (right). The soil horizons are delineated on the left of the pictures, where the soil depths are also marked.

When analysing daily patterns in soil warming (Fig. 6 A-C), it is warmer months only (January to April). In sites with native forest, the
evident that the soil at 50 cm depth was always warmer than the air soil is cooler than the air for 5 to 12 h per day and all year round,
during the night hours with soil/air temperature ratios above the unit. illustrating the strong cooling effect of the trees.

Between sunset and sunrise, the air warms faster than the soil and soil/
air temperature ratios drop quickly. In sites under silvopasture, the soil
temperature is below the air temperature during light hours in the
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Fig. 5. Variation in soil and air temperature (January 2020 — December 2021) between forest conservation, passive restoration and traditional agroforestry. The
upper panels (A-D) show soil and air temperature values of the eight soil temperature sensors (at 50 cm depth) and three air temperature probes with the data
aggregated at 15-min intervals. The lower panel (E) shows the ratio of the soil to air temperature. The boxes show the median annual value (thick black line) and 25th
and 75th percentile, and the whiskers show the interquartile range multiplied by 1.5. The boxplots are colored according to the NbCS pathways with tones of green
for the avoided loss of forest (pathway 1), orange for silvopastural land with reduction of grazing intensity (pathway 3) and yellow for silvopastural land with
conservation of trees and living fences (pathway 2). Data on air temperature is given in blue tones. Difference between groups was tested with the Kruskal.test
function in ANOVA. Groups with a common letter are not significantly different after the Dunn’s post-hoc all-pair comparison test at the 5 % level of significance. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. Temporal variation of the ratio of soil to air temperature (January 2020 — December 2021). The upper panels (A-C) show the evolution of the ratio of soil/air
temperature over the day, and the values are averaged per month. The lower panels show the soil/air temperature data for the three NbCS pathways, aggregated at
15 min (D) and daily time step (E). The lines are colored according to the management practices with tones of green for the avoided loss of forest (pathway 1), orange
for silvopastural land with reduction of grazing intensity (pathway 3) and yellow for silvopastural land with conservation of trees and living fences (pathway 2). Data
on solar radiation is plotted in grey. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

4.3. Soil hydrophysical properties

The saturated hydraulic conductivity did not vary between replicates
but varied between parcels with different NbCS pathway (Fig. 7A and B).
Counterintuitively the lowest Ksat values were measured in the sites
with forest conservation, with a Ksat of 98.2 + 125.3 mm h ™! in topsoil
and 147.2 + 143.5 mm h~! in subsoil. The highest hydraulic conduc-
tivity was reported in the subsoil of the sites under silvopasture where
trees are preserved with a mean Ksat of 1368.2 & 583.0 mm h~!. This
stands in strong contrast with the subsoil conductivity in silvopastural
sites with reduction of grazing intensity that showed Ksat values of
214.1 + 241.5 mmh !, Topsoil material under different silvopastural
management practices had similar Ksat values, with 384.2 + 292.4
mmh~! for NbCS pathway 2 and 582.3 + 265.9 mmh ™! for NbCS
pathway 3.

Soil compaction did not vary between soil genetic horizons, and the
dry bulk density values were highly reproducible between replicate sites
(Fig. 7C, Table 3). Soil compaction is lowest in the sites with forest
conservation with BD of 0.617 + 0.072 g cm ™ and highest in the sites
that were cleared for agriculture. The silvopastural lands had similar soil
compaction, as no differences in dry bulk density were observed be-
tween parcels under NbCS pathway 2 and 3, with resp. BD of 0.742 +
0.107 g em > and 0.714 + 0.079 g cm ™.

The volumetric water content at a given matric potential is highly
reproducible between replicates, and the soil hydro physical data were
analysed by soil depth (topsoil vs. subsoil) and NbCS pathway (Fig. 8). In
sites with forest conservation, soils have consistently higher volumetric
water content, at all matric potential, than soils under silvopastural
management. There are differences in the behaviour of top- and subsoil
material, especially under forests where topsoil material contains higher

volumetric water than subsoil. In the sites under silvopastural practices,
the difference in VWC between top- and subsoil is more variable: while
the topsoil material for pathway 2 has higher VWCs than for pathway 3,
the opposite is observed for subsoil material at low pF values.

At field capacity the topsoil in parcels with forest conservation re-
tains 58 and 46 % more water than the topsoil under silvopastural
management under pathway 2 and 3. In the subsoil the difference be-
tween forest and the sites that were cleared and now under NbCS
pathway 2 and 3 is just 26 % and 25 % respectively. Similarly, at wilting
point the topsoil in the forest retain 25 % and 24 % more water in the
topsoil than the topsoil under silvopastural management under pathway
2 and 3, and in the subsoil, it is just 12 to 0.1 % respectively. Due to the
strong differences in VWC of the soils between field capacity and wilting
point, the total available water (TAW) in soils under forest conservation
is twice the amount of TAW in sites that were cleared for agriculture and
now under silvopastural management practices.

According to the correlation results, the VWC at pF = 0 is higher
when there is lower dry bulk density (r*> = 0.62, p-value = 0.0005, n =
15), higher soil organic carbon content (r? = 0.48, p-value = 0.0044, n =
15), lower depth (= 0.52, p-value = 0.027, n = 15), lower Ksat =
0.39, p-value = 0.025, n = 15), lower sand content (> =0.38, p-value =
0.014, n = 15), and higher clay content (?=0.29, p-value = 0.04,n =
15). The Ksat explains most of the variation of the VWC at field capacity
(® = 0.26, p-value = 0.031, n = 15), but we found no correlation that
explains the variation at the wilting point. Overall, the Ksat values
decrease when the soil organic carbon content increase (r> = 0.18, p-
value = 0.035, n = 15), increases when sand content increases =
0.33, p-value = 0.026, n = 15). The Ksat values also increase with depth
(? = 0.81, p-value = 0.029, n = 15), which is mostly due to the Ksat
results in the subsoil of the traditional agroforestry area. In contrast, dry
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Fig. 7. Soil physical properties. (A-B) Saturated hydraulic conductivity (mm.
h™1) of topsoil (A, Al, A2) and subsoil (AC, CA, C) horizons, analysed per NbCS
pathway. (C) BD (g.cm ™) of all soil horizons analysed per NbCS pathways. The
boxes show the median annual value (thick black line), and the 25th and 75th
percentile of the data, and the whiskers show the interquartile range multiplied
by 1.5. The boxplots are colored according to the management practices with
tones of green for the avoided loss of forest (pathway 1), orange for silvopas-
tural land with reduction of grazing intensity (pathway 3) and yellow for sil-
vopastural land with conservation of trees and living fences (pathway 2).
Difference between groups was tested with the Kruskal.test function in ANOVA.
Groups with a common letter are not significantly different after the Dunn’s
post-hoc all-pair comparison test at the 5 % level of significance. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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Fig. 8. Volumetric water content (VWC) of soils at different pressures. (A) VWC
of topsoil (A, A1, A2) material and (B) VWC of subsoil (AC, CA, C) material. The
lines are colored according to the management practices with tones of green for
the avoided loss of forest (pathway 1), orange for silvopastural land with
reduction of grazing intensity (pathway 3) and yellow for silvopastural land
with conservation of trees and living fences (pathway 2). The shadow around
each line represents the 95 % confidence interval around each trend line. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

bulk density increases with depth (r2 = 0.38, p-value = 0.0024, n = 15).
The TAW increases when the Ksat decreases (12 = 0.33, p-value = 0.02,
n = 15).

4.4. Carbon content and stocks

Our results point to differences in soil organic carbon content be-
tween sites under different NbCS pathways, but our dataset based on two
replicates per NbCS pathway does not allow to test for statistical sig-
nificance. Soil organic carbon content occurs to be higher in sites with
forest conservation (4.6 to 10.3 %) and silvopastural lands with reduced
grazing intensity (3.1 to 10.1 %) than in silvopastural lands with con-
servation of trees and living fences (0.9 to 6.2 %) (Fig. 9). Soils in the
areas with avoided forest loss have the largest soil organic carbon stocks
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normalized at 1 m, i.e. 384 Mg C ha™! (Table 3), followed by silvopas-
tural land with biomass increase after reduced grazing (378 Mg C ha™1)
and followed by silvopastural land with conservation of trees (i.e., 190
Mg C ha™1). Topsoil material has — on average — about two times more
SOC than subsoil material, and the decline of SOC with depth is largest
under silvopastural systems with scattered trees where subsoil material
has less than 2 % of SOC.

As expected, the SOC decreases with soil depth in topsoil (r2 = 0.65,
p-value =0.02, n = 15), and subsoil (r? = 0.68, p-value =0.02, n = 15).
SOC is negatively related to the dry bulk density in the topsoil (r? = 0.55,
p-value = 0.04, n = 15) with increasing SOC in soils with low
compaction. The relationship is less evident in the subsoil (r? = 0.45, p-
value =0.1, n = 15). There is a strong positive correlation between SOC,
Ksat and volumetric water content at saturation in the topsoil (for Ksat:
r? = 0.07, p-value =0.52, n = 15; and VWCgar. 12 = 0.71, p-value <0.01,
n = 15) and subsoil (r2 = 0.83, p-value <0.01, n = 15).

5. Discussion
5.1. Forest cover mitigating soil heating

In the study sites in Santa Cruz Island, the mean annual soil tem-
perature in sites where forest is conserved (i.e., 21 °C), was close to the
mean annual air temperature, and 1.7 °C lower than the mean annual
soil temperature under silvopastural management practices (22 °C).
Osman (2013) corroborates that mean annual soil and air temperatures
can differ by up to 2 °C due to continuous solar radiation throughout the
year in humid tropical regions. In the Galapagos Islands with an equa-
torial climate, there are strong daily variations in soil warming. Between
sunset and sunrise, the air warms faster than the soil, and the soil/air
temperature ratios quickly drop. Our data reveal that the soils in
forested areas can cool down by as much as 5 °C compared to the sur-
rounding agricultural area, and buffer daily temperature fluctuations, as
has been seen in studies in Nigeria (Ghuman and Lal, 1987; Lal and
Cummings, 1979), Malaysia (Nuruddin and Tokiman, 2005), Borneo
(Hardwick et al., 2015), China (Otsuki et al., 2014) and Brazil (Gomes
et al., 2016). (Campbell and Norman, 1998; Mu et al., 2007; Shukla,
2014).

According to the literature, the soil temperature is tightly linked to
the proportion of sunlight penetrating the tree canopy and reaching the
forest floor and the light interception rate of trees (Zheng et al., 1993).
Soils warm less when vegetation has a higher foliage surface: following
the Beer-Lambert law, foliage increases both the quantity of solar radi-
ation reflected upwards, and the amount of radiation absorbed by the
plant canopy and leads to less radiation that reaches the soil surface
(Hardwick et al., 2015). In addition, more exuberant foliage reduces the
turbulent mixing of air from above the canopy, thereby reducing the
influence of above-canopy temperature on soil temperatures (Otsuki
et al., 2014; von Haden et al., 2019). A measure commonly used in soil
temperature modelling is the leaf area index; with increasing leaf area
index, the protection against the sun rays increases with positive cooling
effects on the soil temperature. In the study area, there are large dif-
ferences in leaf area index between the native forest and pastures: the
leaf area index is estimated at 2.7 in degraded or secondary forest stands
(Pryet et al., 2012), while it ranges in pastures between 0.7 and 1.3
depending on land management practices (Buck et al., 1999). The large
difference in leaf area index explains why soils under conserved forests
are better protected against direct solar radiation than soils under sil-
vopastural management.

Meteorological factors can explain the seasonal variation of soil
temperatures in the study sites as clouds can absorb and reflect radiation
(Shukla, 2014). Over the cooler “garua” season, the continuous presence
of thick clouds in the central part of Santa Cruz Island results in the
reflection of a significant part of the incoming solar radiation (Trueman
and d’Ozouville, 2010). This causes the sunlight to dwindle before
reaching the ground and explains why the air and soil had lower
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this article.)

Table 3

Summary of the hydrophysical characteristics per horizon and per soil profile, with BD, Ksat and volumetric water content at field capacity (pF = 2) and wilting point
(pF = 4.18), and total available water. Data are the mean value of three replicates (+1SD).

Soil profile Soil horizon BD Ksat VWC at FC VWC at WP Total available water Carbon stocks
(gem™3) (mmh™ 1) (m®m~3) m®m3) (m) (Mg Cha™1)

FOR1 Al 0.605 + 0.046 165.0 + 196.2 0.603 + 0.122 0.398 + 0.052 0.020 + 0.011 400.32
CA 0.604 + 0.027 248.4 +£187.6 0.591 + 0.043 0.313 + 0.033 0.065 + 0.002
C 0.720 + 0.051 60.1 + 80.3 0.561 + 0.04 0.358 + 0.020 0.026 + 0.008

FOR2 A 0.631 + 0.017 53.7 + 68.7 0.625 + 0.024 0.390 + 0.021 0.030 + 0.005 367.57
C1 0.522 + 0.020 126.0 +81.1 0.468 + 0.044 0.304 + 0.073 0.035 + 0.029

ABAN1 A 0.704 + 0.026 741.1 £ 221.8 0.384 + 0.026 0.306 + 0.004 0.015 + 0.005 342.34
C1 0.804 + 0.074 235+74 0.450 + 0.031 0.321 + 0.020 0.050 + 0.001

ABAN2 A 0.693 + 0.065 423.4 + 2489 0.389 + 0.039 0.319 + 0.007 0.010 + 0.001 412.97
C1 0.624 + 0.003 341.2 + 236.8 0.428 + 0.007 0.291 + 0.018 0.027 + 0.004

AGRI1 Al 0.698 + 0.056 543.2 + 443.2 0.454 + 0.053 0.307 + 0.044 0.028 + 0.001 117.13
A2 0.752 + 0.088 245.9 +£105.9 0.391 + 0.014 0.291 + 0.014 0.020 + 0.006
AC 0.732 + 0.069 1489.3 + 741.7 0.407 + 0.025 0.316 + 0.029 0.008 + 0.007

AGRI2 Al 0.606 10.084 419.5 +£132.3 0.418 + 0.042 0.279 + 0.006 0.021 + 0.003 202.90
A2 0.862 + 0.051 393.0 + 459.7 0.450 + 0.026 0.332 + 0.011 0.041 + 0.005
AC 0.806 + 0.112 1186.6 + 386.7 0.417 + 0.042 0.330 + 0.026 0.010 + 0.004

temperatures during cloudy days of the garua season than sunny days
with clear sky of the warm season. In addition, oscillations of the
intertropical convergence zone (ITCZ) are responsible for changes in
marine currents and oceanic winds. During the warm season, the sea
surface temperatures are higher than in the garua season (Paltan et al.,
2021), and they warm up the air above the ocean. When trade winds
reach the island during the warm season, they also transport warm air
inland. The opposite pattern occurs when the cold oceanic currents
reach the Galdpagos Islands in July and August. Therefore, the seasonal
temperature pattern is linked to seasonal variations in incoming solar
radiation and sea surface temperatures due to changes in marine cur-
rents and oceanic winds.

Lastly, soil properties influence soil warming, and the soil thermal
regime depends on thermal conductivity, heat capacity, and air and
water content (Ochsner, 2019; Osman, 2013). Since water has a higher
heat capacity (4.18 J g’1 °C~1 than basalt rock (0.409-0.68 J g’1 °ch
or air (1 J g~* °C™1); it takes more energy to warm wet soils than dry
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soils (Robertson and Peck, 1974). Because of their higher porosity, soils
with low bulk density can store more water or air which affects the soil
temperature regime. Our results show how the soil moisture regime
influences soil temperature (Fig. 5A-C) with abrupt changes in the soil/
air temperature ratio during the afternoons in March when storm events
are frequent. The sudden change in soil temperature is likely caused by
the soothing effect of rainwater penetrating the soil matrix. We observed
that the sites under forest were less prone to warming than land parcels
under silvopastural management. Besides their higher foliage cover,
they also have higher soil porosity and organic carbon content, and
higher soil volumetric water content. The cooling effect of forest soils is
essential to buffer daily temperature fluctuations and can be crucial to
mitigating warming in the context of climate change in the Galapagos
Islands.
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5.2. Forest cover and soil water balance

Previous studies in the Galdpagos islands mostly focused on natural
variations in soil (hydro)physical properties and analysed soil physico-
chemical properties as function of climate and soil development. In the
agricultural area in the central part of Santa Cruz Island, Andisols are
prevalent according to Laruelle (1966) and Stoops (2014). The unique
mineralogical composition and soil organic carbon content of Andisols
result in specific physical and mechanical properties, including fluffy
consistency, high porosity, low bulk density, and high water retention
capacity (Rodriguez Rodriguez et al., 2005). The dry bulk density is
often below below 0.90 g em ™2 (Sobotkova et al., 2011) and varies with
soil organic carbon content and weathering degree (Lal, 2016; Molina
et al., 2019). Our analyses show dry bulk densities between 0.50 and
0.90 g cm-3, which are in line with earlier observations by Laruelle
(1966) and Stoops (2014) who reported dry bulk densities below 0.85 g
crn_3, and Dinter et al. (2020) who reported values between 0.55 and
0.75 g em 3. Our study shows — for the first time — that land management
practices have an impact on physical soil degradation, with soils under
pasture (BD = 0.742 + 0.107 g cm™>) having significantly higher bulk
density than those under native forests (BD = 0.617 + 0.072 g cm’3).
There is no effect of the silvopastural management on soil compaction.

The soil hydraulic conductivity shows large variation, with values of
Ksat between 20 and 1500 mm h™! (Table 2). Such large variations in
hydraulic conductivity are not uncommon in Andisols, and Paez-Bimos
et al. (2022) also reported two-order of magnitude variations in Ksat
values in Andisols. We observed the lowest hydraulic conductivities in
topsoil and subsoil in sites under forest conservation, with Ksat of 98.2
+ 125.3 mm h™?! for topsoil and 147.2 + 143.5 mm h™? for subsoil, and
the highest values of 1489.3 + 741.7 mm h™! in subsoil of sites under
silvopastural management with conservation of scattered trees and
living fences. The Ksat values that we obtained under forest are higher
than the values that Adelinet et al. (2008) reported for soils under
protected forest in the highlands of Santa Cruz (i.e., 6.1-61 mm h_l), but
this can be due to differences in the methods used to determine the Ksat
and/or local variability in soil properties. The soil hydraulic conduc-
tivity in soils under conserved forest is systematically lower than under
silvopastural management (Fig. 7). We cannot attribute these differ-
ences to the overall soil porosity as forest soils have higher overall
porosity than sites that were converted to agriculture. However, we pose
that the soil structure plays an important role: under natural conditions,
Andisols are often structureless with abundance of micropores that
reduce water movement compared to well-aggregated soils with macro
pores (Shukla, 2014). The parcels that are now under silvopastural
management were ploughed in the past when the area was first taken
into cultivation (Barrera et al., 2019), and it is known that labour and
tillage practices increase the formation of crumbs and macro-porosity
(Martins et al., 1991). Infiltration rates between structured and struc-
tureless soils can differ significantly, up to tenfold (Kutilek and Nielsen,
2015).

Besides the above-mentioned differences in soil compaction, and
hydraulic conductivity, the soils under silvopastural management have
lower total available water and lower volumetric water content across
all matric potentials than the sites under conserved forest (Fig. 7). At
saturation point, the difference between forest soils and those under
silvopastural management is only 3 to 5 % and might be due to differ-
ences in dry bulk density and soil organic carbon content. With
increasing matric potential, the difference in volumetric water content
between the sites with avoided loss of forest and the sites under silvo-
pastural management increases, and at wilting point, the water content
of the topsoil under forest is 25 % higher than in the other sites. This
confirms earlier work in Andisols that showed how forest clearance
leads to soil exposure, with changes in clay mineralogy, soil organic
carbon content, and soil structure which cause major changes in soil
water retention (Cusack et al., 2012; Osher et al., 2003).
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5.3. Agroforestry and soil carbon stocks

Our preliminary results on soil carbon stocks showed that the lowest
soil carbon stocks occur in sites with silvopastural management where
only scattered trees and living fences are conserved (pathway 2). In
these sites, the SOC content ranges between 6.2 % and 4.2 % for topsoil,
and decreases with depth till 1.9 and 0.9 % for subsoil material, and is
about 2 times lower than under forest (Fig. 9). In pastures under this
type of silvopastural management, the grass biomass is effectively
removed by grazing animals, and soils are regularly turned over by
ploughing to reseed the pastures. Tillage practices typically lead to the
exposure of previously buried organic matter to oxygen, and it is known
to increase soil aeration, accelerate microbial decomposition of organic
materials, and cause a reduction of SOC stocks over time (Anindita et al.,
2022; Koga et al., 2020). The reduction of grazing intensity, that is
associated with an increase in the above-ground grass, herbs and shrub
biomass, seems to have an impact on SOC content, as our data point to
SOC stocks between 10.1 % and 6.2 % for topsoil, and decreases with
depth till 4.8 and 3.2 % for subsoil for this type of silvopastural man-
agement (i.e., pathway 3 has two times higher SOC stock than pathway
2). The highest SOC stocks are observed in sites with avoided loss of
forest, due to high SOC contents in top (~ 10 %) and subsoil (~4.5 %).
This is the result of an enhanced input of above-ground biomass from the
tree, shrub, herb and grass cover in the conserved forest, and reduced
SOC decomposition because of relatively lower soil drainage, higher soil
water content, and lower soil temperature (Anindita et al., 2022; Cusack
et al., 2012; Koga et al., 2020; Lal, 2016).

Global climate change will result in higher convective precipitation
in the Galapagos Islands, and some studies argued that climate change is
already causing more distinct seasons in the Galdpagos archipelago
(Paltan et al., 2021). The rising temperature may enhance decomposi-
tion of soil organic carbon and convert the organic-rich Andosols into a
source of atmospheric CO» as biological and chemical transformation of
the organic carbon is shown to increase with temperature. In addition,
the activity of decomposing microorganisms can also change with
temperature and soil water regime leading to quicker depletion of soil
organic carbon (Mitchard, 2018). Soil carbon has become a central issue
in sustainable agroforestry management practices for its role in miti-
gating climate change. In the humid agricultural zone in Santa Cruz
Island, forest soils contain 2 times more organic carbon than the soils
under traditional silvopastural management while in the places where
the grazing intensity has diminished the carbon stocks are almost at the
same level as in the forest due to biomass accumulation. The presence of
forest patches has a positive effect on the soil micro-climate: within
forests, the soil temperature is about 2 °C lower than under traditional
agroforestry, and the daily temperature fluctuations are strongly buff-
ered. The soils are humid during most of the year, and they store large
quantities of water which help to buffer soil warming. Their cooling
effect in combination with high soil water content contribute to reduce
organic carbon decomposition. Our data point to the importance of
silvopastural management on soil organic carbon stocks. A decrease in
grazing intensity in silvopastural systems can help to reduce the effect of
global warming as this NbCS pathway has positive effects on the soil
carbon stocks. However, the impact on soil cooling, soil water balance
and total available water content is not confirmed by our results. This
points to the importance of long-term monitoring of soil properties
under different NbCS pathways, as soil hydrophysical properties might
take more time to recover after disturbance.

6. Conclusions

In Santa Cruz Island, nature-based climate solutions can contribute
to transform the agricultural sector towards more sustainable produc-
tion. Our data show that soil warming, soil water availability and water
content, and carbon stocks differ between land parcels with different
management practices. In the at-risk silvopastural systems, where
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scattered trees and living fences are conserved, soil compaction is high
and water storage capacity is low. Soil carbon stocks are low which
might be caused by enhanced soil respiration after ploughing for
reseeding grass. Parcels that underwent a reduction of grazing intensity
had an increase in grass, herb, and shrub biomass. They were charac-
terized by higher soil carbon stocks and less soil compaction than sil-
vopastural systems without change in grazing intensity. These results
are consistent with literature, and point to the importance of managing
and monitoring cattle livestock densities in pastures as this can play a
role in improving climate resilience within agroforestry systems.

The conservation of patches where forest loss is avoided, has sig-
nificant impact on the reduction of soil warming, maintenance of soil
water content and availability, and soil carbon stocks. Forest patches
protect soils against direct solar radiation and keep soils 12 % cooler
than in pastures. The protection against soil warming is further
enhanced by the soil hydraulic properties of the undisturbed soils that
maintain higher soil water content at all matric potentials compared to
sites under silvopastural management. Besides their positive effects on
soil cooling, water availability, and soil porosity, the forest patches store
large quantities of soil organic carbon. The soil microclimate under
forest vegetation, with cooler and wetter soils, can help to reduce
organic carbon decomposition. As such, conserving forest patches
within the non-protected area can help mitigate climate change impacts.

Continued monitoring of the experimental sites is necessary to
corroborate the findings of this investigation over longer temporal
scales, and an increase of the number of experimental sites will allow to
study the effects of NbCS at the landscape scale. Long-term monitoring is
crucial to assess the effectiveness of these practices in contributing to
climate change mitigation through sustained carbon sequestration,
evaluate how these systems respond to severe extreme weather events,
such as ENSO, and track the evolution of soil conditions, particularly in
terms of soil carbon stocks, bulk density, and water retention capabil-
ities. Long-term data will provide deeper insights into the resilience and
sustainability of agroforestry practices and inform adaptive manage-
ment strategies.
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