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Abstract

This study aims to determine whether the application of cattle manure and associated bio-
turbation by dung beetles and other invertebrates can increase oak seedling establishment
in the high biodiversity Mediterranean silvopastoral systems known as “dehesas”, which
are comprised of scattered oaks and a grassland layer and are used for livestock rearing.
A two-year study was conducted in a representative dehesa in southern Spain. Firstly,
the effect of cattle dung pads on acorn consumption by livestock and wild predators was
monitored, along with dung beetle abundance and plot bioturbation. Secondly, the indi-
rect effects of bioturbation on acorn burial, acorn predation by rodents and oak seedling
establishment were assessed under the condition of livestock exclusion. The results con-
sistently demonstrate a high positive indirect effect of the presence of cattle manure on the
persistence of acorns, as well as on seedling establishment, as a result of reduced predation
by rodents and improved microhabitat conditions for the acorns and seedlings. These pro-
cesses were mediated by bioturbation. Tunneler dung beetles, which move a great amount
of soil material, were dominant in our records, which suggest their importance for pas-
sive acorn burial, without disregarding the influence of other edaphic invertebrates pre-
sent. We conclude that the presence of cattle manure significantly improves oak seedling
establishment in Mediterranean dehesas through the passive burial of acorns by bioturba-
tion, which acts to protect them from predation by rodents, desiccation and other damage.
Passive acorn burial by dung beetles and other invertebrates thus emerges as an important
ecosystem service that has been little-studied to date. Appropriate rotational management
of livestock could therefore contribute to addressing the bottleneck of oak regeneration in
Mediterranean dehesas.
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Background

Dung beetles (coprophilous species of the Scarabaeoidea superfamily (Martin-Piera and
Loépez-Colén 2000)) usually provide many ecological functions and ecosystem services
such as improvement of soil nutrient cycling, aeration and water infiltration, among oth-
ers (Miranda 2006; Nichols et al. 2008; Aarons et al. 2009; Manning et al. 2016). Another
important function of dung beetles is their role as secondary seed dispersers by promoting
vertical and horizontal displacement of small seeds contained in herbivore dung, a process
known as diplochory (Vander Wall and Longland 2004; Santos-Heredia et al. 2010). This
secondary seed dispersal has been described as essential for plant recruitment because it
diminishes seed predation and pathogen infection risk and provides suitable physical condi-
tions for seed germination (Vander Wall and Longland 2004, but see D hondt et al. 2008).
Seed characteristics, particularly size, are also important for seed deposition patterns in the
secondary dispersal process (Andresen and Levey 2004; Braga et al. 2017; Griffiths et al.
2016). Moreover, the effect of dung beetles on the movement of seeds embedded in dung
and on soil properties is generally accepted to depend upon their own reproductive and
feeding behaviors, which are commonly used to establish different functional groups (Car-
paneto et al. 2007; Halffter and Matthews 1966, but see de Castro-Arrazola et al. 2020).
Dung beetles are thus classified into three groups according to their main nesting strategy:
paracoprids (tunnelers), which dig vertical chambers to bury brood balls; telecoprids (roll-
ers), which transport balls horizontally before burying them; and endocoprids (dwellers),
which brood their young inside the dung mass (Nichols et al. 2008; Halffter and Edmonds
1982). However, tunneler and roller dung beetles also produce a high level of soil biotur-
bation through the digging process, with upward displacement of soil particles to the soil
surface. The consequent accumulation of excavated soil may passively bury the non-endo-
zoochorous seeds that drop and which would otherwise remain on the soil surface exposed
to high desiccation and predation risk. This process is likely to be particularly important
for the survival of large-sized seeds that do not tolerate being chewed by herbivores. To our
knowledge, however, this passive seed burial process has received little attention.

The Mediterranean area of the western and southwestern Iberian Peninsula hosts a sil-
vopastoral ecosystem known as a “dehesa” in Spain. Dehesas are created by thinning of the
Mediterranean forests through clearing and browsing, and are used for extensive livestock
rearing. They cover 3.5-4 million ha (Olea et al. 2005), thus constituting the largest agro-
forestry ecosystem in Europe (Eichhorn et al. 2010). Dehesas are composed of scattered
oaks in a grassland matrix in which shrubs are generally absent or very scarce. The major
tree species are holm oak (Quercus ilex L. subsp. ballota) and cork oak (Quercus suber L.)
in monospecific or mixed combinations, but other oak species can also occur under more
humid conditions, e.g. the pyrenean oak (Q. pyrenaica Willd.) in central Spain (Costa et al.
2006 and 2017). The grassland component is comprised of Mediterranean annuals. In addi-
tion to their productive value, dehesas host an important biodiversity. They are protected
under the EU Habitat Directive and are recognized as a Biosphere Reserve by UNESCO.

One major threat to the long-term persistence of these silvopastoral ecosystems is their
poor oak regeneration (Pulido et al. 2013). This, in combination with a high local incidence
of root rot producing exotic pathogens such as Phytophthora cinnamomi (Duque-Lazo et al.
2018), could compromise their long-term persistence. With regard to the low levels of oak
regeneration, livestock overstocking and non-rotational management are usually recognized
as important bottlenecks due to acorn overconsumption and seedling trampling (Gémez
et al. 2003; Faust et al. 2011; Leiva and Vera 2015). Prevention of shrub encroachment by
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the livestock also helps to maintain an open structure, which implies a lack of suitable sites
for the natural dispersal of acorns (Pulido and Diaz 2005; Leiva and Vera 2015). Mice are
also frequent and they are major predators of wild acorns in the dehesas (Pulido and Diaz
2005; Leiva and Vera 2015; Leiva and Diaz-Maqueda 2016) and other predators, including
birds (Columba palumbus, Cyanopica cyanus, Grus grus, Pica pica), wild ungulates (Cer-
vus elaphus, Sus scrofa), or mid-sized mammals (Meles meles, Oryctolagus cuniculus) can
also occur. Some of these acorn predators may also act as dispersers, with differing relative
importance of the predator vs. disperser roles. Mice predominantly act as acorn predators
(Goémez et al. 2019), although they may also act as dispersers since they can cache the
acorns when they find suitable shelter conditions (Gémez et al. 2008). However, the forag-
ing decisions of the mice are largely dictated by the low shrub cover in the dehesas, which
generally increases acorn consumption relative to caching (Mordn-Lopez et al. 2015).
Thus, any spontaneous biological process that can protect acorns from predation, provide
suitable sites in which acorns can avoid desiccation and promote ontogenetic development
can contribute to oak seedling establishment and thus the persistence of the dehesas.

Many processes related to dehesa functioning and the strengths and weakness of its con-
servation have been investigated to date. Livestock overgrazing and its derived detrimental
effects on biodiversity and soil degradation have often been evaluated (FAO 2020; Leiva
and Vera 2015); however, the ecological role of livestock in the dehesa through their inter-
actions with other wild components of these ecosystems is not fully understood, despite
the importance of livestock to their economic and social viability. This study focuses on
the potential indirect effects of livestock on oak seedling establishment. We hypothesize
that cattle feces may have a positive effect on oak seedling establishment through passive
acorn burial mediated by dung beetles, which could provide safe sites for both acorns and
seedlings. These processes are studied in a Mediterranean dehesa in southern Spain. The
specific aims of this study are: (I) to determine whether acorns that fall on cattle dung
pads more successfully escape predation by regular consumers of acorns in the dehesa
compared to those that fall directly on the ground; and (II) to assess whether dung beetle-
mediated bioturbation brings about passive acorn burial and whether such burial improves
escape of rodent predation and subsequent oak seedling establishment in the two major oak
species present in the dehesas: Q. suber and Q. ilex subsp. ballota.

Materials and methods
Site description

The study was conducted in a representative Mediterranean dehesa stand, located close to
the Atlantic coastline in the Doflana Natural Park of southwestern Spain (37° 14’ 33" N;
6° 19" 37" W). The topography of the study site is flat and mean elevation is 39 m a.s.l.
The climate is Mediterranean, with wet, mild winters and long, dry summers. Mean annual
temperature is 17 °C and mean annual precipitation is 590 mm, although rainfall events are
very irregular (Garcia-Barrén et al. 2011). The soils are sandy, derived from quarzitic sands
originating from marine regression. The vegetation is a savannah-like formation com-
posed of scattered cork oaks (Quercus suber L.) and holm-oaks (Q. ilex L. subsp. ballota
(Desf.) Samp) present at a mean density of 30 trees ha™". The latter species is mainly found
where fine soil elements are more abundant than in the surrounding area (clay +silt is 4
to 14% higher in the holm oak location, see details in Ibafiez et al. 2021). The understory
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comprises Mediterranean annual grasslands in which the herbaceous plant species germi-
nate in autumn and complete their reproductive cycle and die in spring. Bromus hordea-
ceus L., Chamaemelum mixtum L., Erodium moschatum L., and Ornithopus sativus Brot.
are among the most representative of these species. The stand is grazed by free-range cattle
(autochthonous Retinta breed, 110 individuals grazing on 350 ha), which tend to concen-
trate and forage beneath the oak canopies during the acorn dropping season (mid-autumn
to end-winter period, Leiva and Diaz-Maqueda 2016), especially at the beginning of this
period, when the acorns constitute the best available resource in the field due to poor pas-
ture development at this time. In addition to the livestock, mice (wood mouse Apodemus
sylvaticus and the Algerian mouse Mus spretus) are major wild predators of the acorns.
These rodents can consume >90% of the experimental acorns when livestock is excluded.
Other, less abundant, wild acorn predators present in the area are the rabbits (Oryctolagus
cuniculus) and badgers (Meles meles) (Leiva and Vera 2015). Avian predators or predator-
dispersers of acorns, such as cranes (Grus grus), pigeons (Columba palambus), jays (Gar-
rulus glandarius) or magpies (Pica pica), have never been recorded in the area.

Experimental design

This study was conducted over two years. Firstly (year 2017-2018), a field trial was devel-
oped in order to assess whether the presence of dung pads has any effect on acorn con-
sumption by livestock and wild predators. The presence of dung beetles in the stand and
plot bioturbation were also monitored. Secondly (year 2018-2019), a field trial was con-
ducted under livestock exclusion in order to assess the potential indirect effect of bioturba-
tion on acorn persistence and oak seedling establishment. A schematic summary of the
different trials is presented in Table 1.

Table 1 Schematic summary of different trials (design and timing). B=border microhabitats; T =micro-
habitats near trunk

First year trial (2017-18). Under livestock presence

Treatments: Under Q. ilex subsp. ballota Under Q. suber
Dung pads Ground plots Dung pads Ground plots
Duration: November—December December -January

Second year trial (2018-19). Under livestock exclusion

Microhabitats: Q. ilex subsp. ballota B, Q. ilex subsp. ballota T, Q. suber B, Q. suber T
Treatments: Uncaged Caged

Manured Unmanured Manured Unmanured
Beginning of the trial: Mid-November Mid-November

Early phase ending: ~ Mid -January -
Late phase ending: End -May End-May
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Effect of cattle dung pads on acorn persistence under livestock presence. Bioturbation
and dung beetle assemblage assessment. (First year trial)

In a 10 ha meadow, we selected and marked 16 fresh cattle dung pads of diameter ca.
30 cm (hereafter, dung pad plots). Eight of these dung pad plots were each beneath the can-
opy of a Q. suber tree and the other eight were each beneath the canopy of a Q. ilex subsp.
ballota tree. The same number of plots, identical in size but free of cattle dung pads (here-
after, ground plots), were similarly established beneath the canopies of Q. suber and Q.
ilex subsp. ballota trees. The trial thus included four treatments, each with eight replicates.
Minimum distance between plots was 50 m. Eight fresh Q. suber or Q. ilex subsp. bal-
lota acorns (depending on the treatment) were marked with a white spot for identification
and placed on the soil surface in each plot in order to mimic naturally fallen acorns. The
experimental acorns were regularly monitored every three days for two weeks and weekly
during the next fortnight (one month in total), recording the number of persistent undam-
aged acorns (i.e., acorns that had not been gnawed or partially destroyed). The acorns that
were not immediately visible, due to potential burial, were carefully detected by inserting
a metal rod into the soil at regular intervals in the plots. This trial was carried out from
November 16th to December 14th in the case of Q. ilex subsp. ballota, and from December
14th to January 12th in the case of Q. suber, following the species-specific differences in
peak acorn-dropping (Gémez-Casero et al. 2007).

Plot bioturbation was assessed concurrently with the acorn persistence monitoring. For
this procedure, a metal grid (49 cells, mesh size 5X5 cm) on a wooden frame was tempo-
rarily placed in each plot, fixing the corners in place with tent pegs. The state of the soil
surface in each cell was recorded, distinguishing between disturbed (those that presented
soil mounds, holes or any other disturbance) and intact (those that were covered by dung or
presented undisturbed soil) cells. Sampling was repeated every three days for two weeks.

Dung beetles were also sampled at the same time as the bioturbation assessment. For
this, a pitfall trap was placed ca. 3 m in distance from each experimental dung pad plot
(one trap beneath each of eight Q. ilex subsp. ballota trees and one trap beneath each of
eight Q. suber trees; 16 pitfall traps in total). These traps were at a minimum distance of
50 m apart (the same distance as between the experimental plots) in order to minimize the
possibility of capturing beetles that had moved between plots (Larsen and Forsyth 2005).
The pitfall traps were each baited with a 200 g cattle manure ball. These balls were sus-
pended on top of 750 cm? plastic cups that were buried to ground level. An acetate fun-
nel was inserted at depth 7 cm within the cups in order to prevent escape of the captured
specimens (suspended bait grid method, modified from Veiga et al. 1989). A small amount
of moist soil was also placed in the bottom of each cup in order to keep the captured speci-
mens alive (according to Favila and Halffter 1997). The pitfall traps were checked every
three days and were kept for two weeks. At each sampling, the cup contents were collected
and sieved (1 cm? mesh size) and the captured dung beetles classified according to mor-
phology and size, identified according to Martin Piera and Lopez Colon (2000), recorded,
and released back to the field. A few specimens of each type were stored in glass bottles
filled with 75% ethanol solution and transported to the laboratory to ensure accurate identi-
fication. Only relatively large-sized dung beetles (> 10 mm in size) were considered in this
study because of the importance of large body size to enable movement of a large amount
of soil (Horgan, 2001).
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Effect of cattle manure and dung beetle bioturbation on acorn escape of rodent
predation and seedling establishment under livestock exclusion. (Second year trial)

In order to avoid livestock, 32 exclosures (1.4 m? base areax 1.20 m height) were estab-
lished in the same stand as in the first year trial. These exclosures were made of iron
mesh (mesh size 4 X 10 cm), which allowed access for the rodents but not for mid- or
large-sized acorn predators. As in the first year trial, half of the exclosures were placed
beneath the canopies of Q. ilex subsp. ballota trees and the other half beneath Q. suber
trees. In this case, we established two different positions at which to place the exclo-
sures: (I) beneath the tree canopy border (where conditions are more exposed due to
the discontinuous canopy layer characteristic in the dehesas), and (II) at distance 0.5 m
from the trunk (where canopy cover is denser and the rodents may be more sheltered).
Thus, there were four microhabitats: Q. ilex subsp. ballota border, Q. ilex subsp. bal-
lota trunk, Q. suber border and Q. suber trunk (hereafter, Q. ilex B, Q. ilex T, Q. suber
B and Q. suber T), each with eight replicates. Four treatments were applied in the dif-
ferent microhabitats inside the exclosures. Two of these allowed the rodents to access
the experimental plots (uncaged treatments) while the other two excluded the rodents
(caged treatments) (Schematic representation of the experimental design in the second
year in Figure S1).

Uncaged treatments (rodent access allowed) The uncaged treatments were designed
to assess whether cattle manure and the associated dung beetle activity play a role in
acorn burial, acorn predation by rodents and seedling establishment. For this, two round
plots (diameter 25 cm) were established within each exclosure; one was supplied with
a surface layer of fresh cattle manure of 2 cm in depth, while the other received no
manure (hereafter, uncaged manured and uncaged unmanured treatments, respectively).
Six marked (white-spotted) acorns were added to each of the plots (Q. suber or Q. ilex
subsp. ballota acorns, depending on the treatment), placing these on the plot surface.
The acorns were supplied in mid-November and monitored monthly until mid-January
in order to record persistence (i.e., number of undamaged acorns remaining in the plots
either on, or buried below, the surface). Acorn vertical position was also monitored,
distinguishing between buried and unburied acorns (i.e. acorns completely covered by
soil material that were imperceptible at a glance, and those that were entirely or partially
exposed on the plot soil surface, respectively). As in the first year trial, buried acorns
were carefully detected by inserting a rod (ca. 6 cm in depth) at regular points into the
plots. The treatment conditions were maintained as described for two months. However,
as expected, many acorns were predated during this period. Given that we aimed to
assess the potential effect of acorn burial on rodent predation and seedling establishment,
we continued the trial with some additional manipulation (Figure S1).

The new manipulation consisted of removing all of the remnant acorns from the previ-
ous phase and placing new acorns evenly (4 acorns/plot) in mid-January. The number of
acorns placed was lower than in November due to the late acorn dropping season (i.e.,
second half of dropping season, Leiva and Diaz-Maqueda 2016). The new acorns were
marked with colored plastic strips (2 X 17 cm) attached to the acorn coats (method modified
from Leiva and Vera 2015). In the manured treatment, where plots remained highly dis-
turbed, we artificially buried the acorns 1.5-2 cm under the soil mounds in order to mimic
bioturbation-mediated burial. The colored strips were left unburied on the soil surface to
indicate acorn position. In the unmanured treatment where the plots remained undisturbed,
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the acorns were placed on the soil surface. These were monitored monthly to record per-
sistence until the end of May, including careful inspection of the area surrounding the plots
to detect potentially moved acorns. At the end of the trial (end of May) the ontogenetic
development of propagules remaining in the plots (seedlings with at least two expanded
leaves, non-germinated acorns and germinated but subsequently dead epicotyls and roots)
was recorded by careful extraction of the remaining undeveloped and buried acorns.

Caged treatments (rodents excluded) These treatments were applied in a single phase, begin-
ning in mid-November and concluding at the end of May (Figure S1). As with the uncaged
treatments, two identical 25 cm diameter plots were established within each exclosure. One plot
was manured and the other was not (caged manured and caged unmanured treatment, respec-
tively). After supplying six marked (white spotted) acorns to each plot, the plots were protected
against rodents by installing cylindrical cages (30 cm in diameter X 30 cm in height) of wire
mesh (mesh size 10X 10 mm) that were pegged to the ground. The cages were removed at the
end of May and the number and ontogenetic development of propagules recorded.

Data analysis

All data analyses were performed using IBM SPSS Statistic v26 software. We applied sur-
vival analysis (Kaplan—-Meier and log-rank test) to the data pertaining to acorn persistence
with no exclusion of livestock or acorn predators (first year trial). These analyses were applied
to the whole set of acorns in each treatment (i.e., 64 acorns distributed in eight plots per treat-
ment). Treatment effect (plot surface type: dung pad vs. ground plots) was analyzed for each
oak species separately since the treatments were not simultaneously applied. The acorns that
remained in the plots at the end of the trial were managed as censored. Temporal changes in
plot bioturbation (number of disturbed cells), as well as in dung cover (number of dung cov-
ered cells), were analyzed using Friedman tests for k related samples and a Wilcoxon test for
two related samples (when it was only possible to compare two dates).

Data from the second year trial were analyzed using GLM-Logistic models. In the uncaged
treatment, cumulated values of predated, buried and unburied acorns were used as response
variables in the early experimental period (mid-November to mid-January), while microhabi-
tat (i.e., Q. ilex B, Q. ilex T, Q. suber B and Q. suber T) and plot surface type (i.e., manured
and unmanured) were the predictor variables. Plot surface type was nested within microhabi-
tat in the model. Acorns were considered to have undergone predation when they were lost
from the plots or gnawed, since there is negligible dispersal of acorns by rodents in the area
(Leiva and Vera 2015). The GLM-Logistic model was also used to analyze the results after
the second experimental manipulation (late phase: mid-January to the end of May). Acorn
persistence at the end of May was the response variable and microhabitat and plot surface
type were the predictor variables. As in the previous case, plot surface type was nested within
microhabitat in the model. The kinetic of acorn persistence was analyzed using a Generalized
Linear Mixed Model (GLMM) with monthly acorn persistence used as repeated measures
(mid-January to end-May values).

Data pertaining to seedling establishment at the end of the trial were also analyzed using
GLM-Logistic models. The number of established seedlings at the end of the trial was the
response variable, while microhabitat type and treatment were the predictor variables. Treat-
ment was nested within microhabitat in the model. Only three treatments (uncaged manured,
caged manured and caged unmanured) were included since no seedlings were established in
the uncaged unmanured treatment.
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Results

Effect of cattle dung pads on acorn persistence under livestock presence.
Bioturbation and assessment of dung beetle assemblage (First year trial)

Important differences in acorn persistence were observed between the dung pad and ground
plots in both Q. ilex subsp. ballota and Q. suber plots (Fig. 1), with faster disappearance
of acorns recorded in the ground than in the dung pad plots. For Q. ilex subsp. ballota, the
mean acorn persistence values were 7.0 and 1.5 days in dung pad and ground plots, respec-
tively, while in Q. suber these values were 16.1 and 2.0 days, respectively. Accordingly, the
Kaplan—Meier survival analysis and log-rank test indicated significant differences among
treatments in the two oak species (X2=52.19, df=1, P<0.00] in Q. ilex subsp. ballota
and X*=79.33, df=1, P<0.00] in Q. suber). However, the final acorn persistence in the
dung pad plots was quite high for Q. suber (40% at the end of the trial, Fig. 1), but quite
low for Q. ilex subsp. ballota (6.3%).

Cell disturbance (Fig. 2) was overwhelmingly associated with the dung pad plots, with
soil mounds and tunnel mouths being the major disturbances observed. No bioturbation
was observed in the ground plots during the field trial development. Consequently, only
data from the dung pad plots are presented. Soil mounds and tunnel mouths were also
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found in adjacent, non-experimentally controlled fresh dung pads. Direct sampling (tun-
nel excavation) in some of the adjacent dung pads revealed the presence of dung beetles
in the shaft base, suggesting that coprophilous beetle activity was one of the major bio-
turbation sources in our dung pad plots.. The number of disturbed cells per plot increased
significantly over time in the two oak species plots (X*=29.1 and 35.8, P<0.001, for Q.
ilex subsp. ballota and Q. suber, respectively) but the maximum bioturbation was pre-
sented in the Q. suber dung pad plots (ca. 40 disturbed cells on average from the total 49
cells). In parallel, the dung-covered cells significantly decreased in number over time, but
this decrease was more marked in the Q. suber plots (Z=-3.65, P<0.001 and X?=26.5,
P <0.001 for Q. suber and Q. ilex subsp. Ballota, respectively). These results again suggest
the importance of fecal material displacement as a major source of bioturbation in the dung
pad plots.

The assemblage of dung beetles recorded in this study (i.e., specimens>10 mm in
length) included four species: Typhaeus momus, Ceratophyus hoffmanseggi, Copris hys-
panus and Bubas bison (Table 2). The most abundant species was 7. momus, with an aver-
age of 11.7+2.5 (mean + SE) cumulated specimens per trap, followed by C. hoffimanseggi
with 5.6+ 1.8. These two species together accounted for 75% of all captured specimens. In
contrast, B. bison, with 0.3 +0.1 cumulated specimens per trap, was the least abundant spe-
cies. The species assemblage at the Q. ilex subsp. ballota and the Q. suber pitfall traps was
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Table 2 First year trial.

Pitfall t Typh Cerato- Copri, Buba:

Dung beetle composition and tHatl traps yphaeis erato op1s. uvas
; momus phyus hoff-  hispanicus  bison
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traps. Data are cgmulatefd over 0. ilex 1 1 ) ) _
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(November 16th to 28th in Q. Q. ilex2 - - -
ilex subsp. ballota pitfall traps Q. ilex3 3 - 5 -
a}?d De(f:emeerb 14)th Qto 36th ig Q. ilex 4 1 _ 7 _
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Q. suber 6 13 6 1 1

Q. suber7 13 4 8 -

Q. suber 8 21 - 3 -

very similar (Table 2), except for a few individuals of B. bison, which were restricted to a
few Q. suber traps. However, the Q. suber traps exhibited maximal beetle abundance in
all cases, except for the trap Q. ilex subsp. ballota 7, which presented a high abundance of
T. momus. Temporal changes in beetle abundance (Table 3) were also evident, with more
specimens captured per trap at the beginning of the sampling period than later. These tem-
poral differences were highly significant in the Q. suber traps (X°=18.8, P<0.001), but
were small and non-significant in Q. ilex subsp. ballota traps (X>=4.1; P <0.25).

Second year trial. Acorn fate in different treatments
Uncaged treatments (rodents allowed)

Overall, 25.3% of the acorns were predated by rodents in the uncaged treatments by the
end of the early experimental phase (i.e., mid-January). The GLM for acorn predation

Table 3 First year trial. Temporal
dung beetle abundance (total

specimens per trap) (mean+SE)  Sampling date ~ Specimens/trap ~ Sampling date  Specimens/trap
at different sampling times at

Q. ilex subsp. ballota pitfall traps Q. suber pitfall traps

the Q. ilex subsp. ballota and Q. Nov. 18th 44+18 Dec. 16th 25.28+3.9
suber pitfall traps Nov. 21th 13406 Dec. 19th 41°%1.1
Nov. 24th 3.6+ 1.1 Dec. 22nd 82b+23
Nov. 28th 20406 Dec. 26th 700422

Different letters indicate significant (P <0.01) differences among dates
within Q. suber
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(Table 4a), indicated no significant effect of microhabitat, but a highly significant effect
of plot surface type (i.e., manured vs. unmanured). On average, acorn predation in the
manured treatment was half (16.7%) that found in the unmanured treatment (33.8%)
(Fig. 3). Comparing the effect of plot surface type on different microhabitats, the highest
and significant coefficient (p absolute value) was for Q. suber B (Table 4a). In general, the
Q. suber microhabitats exhibited higher coefficients than those of Q. ilex subsp. ballota.
Acorn burial (Fig. 3), was greater in the manured treatment where 23.4% of the acorns
were buried under the soil mounds and galleries that occurred in these plots. Consequently,
the GLM model was applied only to the manured plot surface type, while microhabitat was
the only predictor variable. Microhabitat had a significant effect on acorn burial (Table 4b),
while the model coefficient was only significant for Q. suber B, with the highest acorn
burial (Fig. 3). Unburied acorns represented 54 to 71% of the acorns supplied in the differ-
ent microhabitats; however, the model was non-significant in this case (Table 4c).

In the uncaged treatments, the results from the late experimental phase (beginning in
mid- January, after new manipulation, and finishing at the end of May: Figure S1) were
also similar to these from the first experimental phase (Fig. 4 and Table 4d). Overall,
38.8% of the acorns persisted to the end of the trial in the different microhabitats, but
persistence in the manured treatment (70.8%) was ca. ten times higher than in the unma-
nured treatment (6.8%). As in the previous case, the effect of microhabitat on final acorn
persistence (Table 4d), was non-significant but the effect of plot surface type was highly
significant. The model coefficients were positive and significant in all microhabitats.
Temporal changes in acorn persistence were tested in the manured treatment (Table 5)
but not in the unmanured treatment due to the high number of zero values (66% of
plots exhibited zero values by February and this number increased with time). Conse-
quently, very steep decreases in acorn persistence were observed over time in the unma-
nured treatment (Fig. 4) compared to only slight decreases in the manured treatment.

Fig.3 Second year trial: Percent- (a) 2 100
ages of acorns that were gnawed H
by rodents or found to be missing
from the plots (predation), com-

pletely buried due to bioturbation
(buried) or remaining on the plot

90 4
80
70 4
60 4

. . 50 A OUnburied
surface (unburied) in: a) manured )
. 40 A O Buried
and b) unmanured plots with
30 4 a B Predation

rodent access allowed (uncaged
treatments). Different letters

denote significant difference

(P=0.012) according to pairwise
comparisons. Data are cumulated (b)
for the period mid-November to
mid-January, before additional
manipulation. B =border micro-
habitats; T =microhabitats near

the trunk

Percentage of supplied acol

20 - a b a
10 A
0 -

100 -
90 A
80 A
70 4
60 -
50 A
40 A
30 A
20 A
10 A
0 -

Percentage of supplied acorns

Border Trunk Border Trunk
Q. ilex subsp ballota Q. suber
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Fig.4 Second year trial: Monthly persistence of the acorns in the uncaged treatments (mean + SE bars),
under manured (where the acorns were also buried: burial) =diamonds and unmanured (where the acorns
were not buried: non-burial) =squares. Values in May are the reference categories for kinetic changes
according to the GLMM, with black color (manured treatments) indicating significant model coefficients.
Values in May are also the response variable included in the GLM-Logistic model. Q. ilex= Q. ilex subsp.
ballota

Table 5 Second year trial. Statistical results for temporal changes in acorn persistence during the late phase
(January—May)

(a) Significance in the microhabitats

Q. ilex B Q.ilexT Q. suber B Q. suber T

F=72.14P<0.01 F=0.44P=0.78 F=72.14 P<0.01 F=3.56 P=0.015

(b) Significant coefficients at different dates

Q. ilex B Q.ilexT Q. suber B Q. suber T
Jan 4.07 P<0.001 - Jan 3.21 P<0.001 Jan 2.01 P=0.003
Feb 2.07 P=0.003 - Feb 3.21 P<0.001 -

_ - Mar 3.21 P<0.001 -

GLMM for data from the uncaged manured treatment. B=border microhabitats; T =microhabitats near
trunk; Q. ilex=Q. ilex subsp. ballota. May is used as the reference category in the model

This latter treatment presented some kinetic differences among microhabitats, despite
the generally low temporal changes in acorn persistence. In the microhabitats located
under the canopy border, the temporal changes were highly significant (Table 5a), and
more acorns persisted during the first two or three months compared to later, as indi-
cated by the significant model coefficients for January and February (May being the
reference category) in Q. ilex B, and for January, February and March in Q. suber B
(Table 5b). In the microhabitats located close to the tree trunk, the temporal changes
were non-significant (Q. ilex T, Table 5a) or were significant in January only (Q. suber
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T, Table 5b), indicating that the acorns underwent rapid predation and subsequently
remained unchanged for the remainder of the study period.

Caged treatments (rodents excluded)

Regarding both the manured and unmanured caged treatments, all of the acorns persisted to
the end of the trial (100% persistence), as was expected under rodent exclusion. However,
the caged manured treatment exhibited a high level of bioturbation and relatively large-
sized (> 1 cm in length) dung beetles were repeatedly observed inside the cages. The cages
therefore did not exclude the dung beetles, which probably accessed the plots via galleries
excavated under the edge of the cages.

Second year trial. Final seedling establishment

Important differences were found in seedling establishment between microhabitats and
treatments at the end of the trial (Fig. 5). In general, there was much greater seedling estab-
lishment in the uncaged manured (overall, 34%) and caged manured (overall, 26%) than
in the caged unmanured (overall, 3.7%) treatments. No seedlings were established in the
uncaged unmanured treatment. The predictor variables microhabitat and treatment were
both significant (X*=12.67 P=0.005 and 47.7; P<0.00! for microhabitat and treatment,
respectively). The Q. suber microhabitats generally presented higher seedling establish-
ment than those of Q. ilex subsp. ballota (Fig. 5). The model coefficients for the manured
treatments (uncaged and caged) (Table 6) were positive and significant in all microhab-
itats, indicating a positive effect relative to the reference category of caged unmanured.
However, the caged manured treatment in Q. ilex B was an exception, with no significant
coefficient.

Discussion
The results of the different trials included in this study consistently demonstrate a high

and positive effect of spontaneous or experimental cattle manure addition on the survival
of acorns that drop onto the manure, as well as on the subsequent establishment of oak

Fig.5 Second year trial:

K . . ] 06 7 C C
Final seedling establishment ©
(mean + SE values) in the dif- £ 05 A l {
ferent treatments (except for the g
uncaged unmanured, in which G 041 l
no seedlings were established). % B
*=acorn burial applied. Dif- ‘é 03 4
ferent letters denote significat w
differences between michro- 5 0.2 1
habitats (P <0.05) according to g 014
the pairwise comparisons. Q. @ -
ilex= Q. ilex subsp. ballota 0

Q. ilex border Q. ilex trunk Q. suber border Q. suber trunk

OUncaged-Manured* @ Caged-Manured W Caged-Unmanured
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Table 6 Final seedling establishment. Model coefficients, values and significance

Treatments Microhabitats

Q.ilexB Q. ilex T Q. suber B Q. suber T
Uncaged manured 3.1P=0.004 2.38 P=0.027 2.15P<0.001 2.46 P <0.001
Caged manured 1.69 P=0.13 2.81 P=0.001 1.82 P=0.007 1.82 P=0.007
Caged unmanured Reference Reference Reference Reference

The treatment uncaged unmanured was excluded from the analysis due to the absence of seedling estab-
lishment. Q. ilex=Q. ilex subsp. ballota; B=border microhabitats; T=microhabitats near trunk. Refer-
ence =category used as a reference in the model. Significant effects are presented in bold

seedlings, in the two major oak species present in the dehesas. However, different mecha-
nisms, acting simultaneously or sequentially, appear to influence these results.

Dung pad effects on acorn persistence with access permitted to livestock and wild
acorn predators (first year trial)

The positive, significant effect of cattle dung pads on acorn persistence (Fig. 1) found in
the first year trial, especially in the Q. suber plots, support the well-known behavior of cat-
tle and other large herbivores, which avoid feeding in the immediate vicinity of feces (Moe
and Wegge 2008; Gillet et al. 2010), thus reducing the risk of parasite infection (Hutch-
ings et al. 1999). The same behavior could occur with the dung-contaminated experimental
acorns placed on the dung pads. However, we cannot overlook the fact that a high level of
bioturbation was found in these dung pad plots (Fig. 2) where the acorns were found to per-
sist for longer than they did on the ground.

Dung beetle abundance, composition and nesting behavior type (first year trial)

Dung beetle abundance in the proximity of the dung pad plots (Table 2) exhibited the same
pattern of variation as the levels of plot bioturbation (Fig. 2) and acorn persistence (Fig. 1),
with these three variables being high in the Q. suber dung pad plots but quite low in those
of Q. ilex subsp. ballota. These results suggest that, in addition to the potential rejection
of dung-contaminated acorns by cattle and wild acorn predators, bioturbation could pro-
tect the acorns through passive burial in the plots. The dung beetle species found in this
study (Typhaeus momus, Ceratophyus hoffmanseggi, Copris hyspanus and Bubas bison:
Table 2) are all paracoprids (tunnelers) (Martin Piera and Lépez Colén 2000), which exca-
vate tunnels beneath or beside dung pats and move considerable quantities of dung (Mit-
tal 1993; Miloti¢ et al. 2017). The soil mounds and tunnel mouths observed in the dung
pad plots, and the dung beetle specimens repeatedly found in the shaft bases, suggest the
importance of these relatively large-sized (>1 cm) beetle species in terms of generating
bioturbation in the plot. Dung beetle body size and mass have usually been considered as
surrogate traits associated with dung burial, which in turn generates bioturbation, although
it has been shown that other dung beetle traits are also important (de Castro-Arrazola et al.
2020). Nevertheless, we cannot disregard the contribution of smaller dung beetles (e.g. the
Aphodiinae, Dellacasa et al. 2001), or that of other groups of edaphic fauna such as the
earthworms (Miloti¢ et al. 2017; Bacher et al. 2018).
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The aforementioned differences in dung beetle abundance are probably related to tem-
poral sampling differences between the Q. ilex subsp. ballota and Q. suber dung pad plots.
Although the four species recorded in this study are seasonal, with an activity period from
autumn to spring (Martin Piera and Lépez Colén 2000), maximal population density can
vary among species (Agoglitta et al. 2012). For instance, in our case, T. momus tends to be
more active towards winter than in the autumn (Lobo 1992). Furthermore, a more sandy
soil such as that found at the Q. suber pitfall traps (see Ibafiez et al. 2020 for soils descrip-
tions in the same study site) is often more favorable for dung beetles than the heavier soil
found at the Q. ilex subsp. ballota pitfall traps), particularly for tunneler dung beetle spe-
cies (Sowig 1995, Davies 1996; Osberg et al. 2012).

Manure reduced acorn predation by rodents through acorn burial

Rodents were the only acorn consumers allowed to enter the uncaged plots during the sec-
ond year trial. These animals were therefore responsible for the significantly higher lev-
els of acorn predation in the unmanured plots (ca. 34%) compared to those found in the
manured treatment (ca. 17%) during the early experimental phase. In addition, the more
conspicuous protective effect of manure on the Q. suber acorns compared to those of Q.
ilex subsp ballota (higher model coefficient absolute values in the former species, Table 4a)
agrees with the differential preferences of mice regarding the acorns of these two oak spe-
cies. In laboratory experiments, Del Arco et al. (2018) demonstrated that the mice species
present in our study site, A. sylvaticus and M. spretus, exhibit a higher preference for Q.
ilex subsp. ballota acorns than for those of Q. suber.

Importantly, during the early experimental phase, we found that 23.4% of the acorns
were completely buried as a result of bioturbation (Fig. 3). To our knowledge, this is the
first time that this passive acorn burial process has been experimentally recorded. How-
ever, it should be distinguished from the active vertical displacement by dung beetles of the
seeds embedded in herbivorous dung (Vander Wall and Longland 2004; Santos-Heredia
et al 2010; Griffiths et al. 2016; Braga et al. 2017), and from the direct acorn burial carried
out by some dung beetle species in the genera Thorectes (T. lusitanicus, T. baraudi) and the
tropical genera Mycotrupe (M. lethrorides) which can also partially consume the acorns
(Verdu et al. 2007 and 2010). Thorectes species were not found in our pitfall traps.

The overwhelming effect of plot surface type (manured vs. unmanured) on acorn persis-
tence in our uncaged treatments during the late experimental phase (Fig. 4 and Table 4d)
is inseparable from the acorn burial effect (since artificial burial was applied in the late
experimental phase to mimic the bioturbation observed in the early phase (Figure S1). This
positive effect of acorn burial in terms of decreased acorn predation has been found in
several studies (Johnson et al. 2019; Pulido and Diaz 2005; Gémez 2004). Although mice
were the most important wild consumers of acorns, and their activity was prevented by
acorn burial in our second year trial, similar results were found in a study where the major
acorn consumers were the red deers (Cervus elaphus) (Herrera 1995). We hypothesize that
at similar results might be found with other important acorn consumers, including birds
(Columba palumbus, Grus grus, Garrulus glandarius, Pica pica) and mid-sized mammals
(Meles meles, Oryctolagus cuniculus) since burial is recognized as a general protective
mechanism against seed predation (Vander Wall and Longland 2004).

Regarding the microhabitat effect, it has been found that habitat structure (fragmented
and open vs. non-fragmented forests) is a very important driver in decision-making regard-
ing foraging in rodents (Moran-Lopez et al. 2015). The slower acorn decrease found in this
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study under the canopy border microhabitats (significant effect of temporal changes and
model coefficient for January, February and March: Table 5) compared to the microhabitats
near the trunks (no significant temporal changes or significant for a short time only: Janu-
ary) suggests higher rodent predatory activity in the sheltered conditions near the trunks.
However, in our case, this was a transient effect, being not significant at the end of the trial
(Table 4d).

Seedling establishment at the end of the trial

Cattle manure notably improved seedling establishment in our second year trial (Fig. 5 and
Table 6), regardless of whether or not rodents were excluded. These results suggest the
importance of cattle manure in reducing the risk of acorn desiccation and viability loss, as
well as the previously discussed decreased incidence of predation. Desiccation sensitivity
is a characteristic of most temperate oak species, including Q. suber and Q. ilex subsp. bal-
lota (Leiva and Diaz-Maqueda 2016, and references therein). The importance of acorn bur-
ial in preserving acorn viability and promoting ontogenetic development has been reported
in previous studies (Garcia-Orth and Martinez-Ramos 2007; Ramos-Palacios and Badano
2014). Certainly the application of manure in our trial changes not only the physical char-
acteristics associated with bioturbation but also other soil properties, notably the availabil-
ity of nutrients (Nichols et al. 2008; Aarons et al. 2009). However, the effect of increased
nutrient availability on seedling establishment was probably relatively low since Q. ilex
subsp. ballota and Q. suber are large-seeded species with seedlings that depend highly on
their cotyledon reserves during early development (Bonfil 1998; Kabeya and Sakai 2003).

Our results regarding seedling establishment were obtained under the experimental con-
ditions applied in the second year study. However, to extrapolate these results to natural
field conditions, some corrections must be applied. The artificial 100% acorn burial that
we applied in the uncaged manured treatment in the late experimental phase (Figure S1)
was much higher than the overall 23.4% acorn burial found in the early phase (Fig. 3).
Our recording of acorn burial was conservative and only included the completely buried
acorns and excluded those that were only partially buried, which nevertheless could also
benefit from improved soil conditions. However, to follow the conservative approach, we
can use combined probabilities. Therefore, burial rate x seedling establishment rate pro-
vides a seedling establishment ranging from 4.4% to 10.3% in the different microhabitats.
These values are still quite high compared to those of oak seedling establishment mediated
by wild dispersers that actively bury the acorns. For instance, Gémez et al. (2008) reported
1.3% viability in acorns of Q. ilex following dispersal and caching by rodents, while Mar-
tinez-Baroja et al. (Martinez-Baroja et al. 2019) found that 0.6 to 2.4% of Q. ilex acorns
cached by magpie (Pica pica) resulted in seedlings, and Pérez-Ramos et al. (2007) reported
maximum seedlings establishment values of 6 and 15% for Q. canariensis and Q. suber,
respectively, after acorns had been actively dispersed and buried by the balanophagous-
coprophagous beetle Thorectes lusitanicus.

Implications for management

Acorns from Q. ilex subsp. ballota and Q. suber, the dominant oak species in the Medi-
terranean dehesas, have shown that they can benefit from the presence of cattle manure
and the associated bioturbation, increasing seedling establishment 4.4 to 26 fold compared
to situations in which cattle dung is absent. The open structure of Mediterranean dehesas
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with scattered oak trees and lack of shrub cover in the understory precludes active acorn
dispersal by rodents, which cannot find suitable shelter for acorn caching (Moran-Lépez
et al. 2015). The prevention of shrub encroachment by livestock has been considered to
indirectly contribute to the lack of oak self-regeneration in dehesas; however, our results
indicate that this situation could be partially reversed by proper livestock management such
as rotational grazing. For instance, enclosing the animals in a paddock for a short time
during the early- to mid-acorn dropping season could give the acorns the opportunity for
passive burial, thus decreasing seed desiccation risk and escaping predation by rodents.
These processes would enhance seedling establishment under the oak canopies, a micro-
habitat that is favorable for oak seedling survival in the seasonally dry and hot Mediter-
ranean environment (Caldeira et al. 2014). This passive and spontaneous acorn burial is
associated with the seed dropping sites and does not necessarily imply expansion of the
oak tree population. However, it may contribute to oak population turnover, a key process
in Mediterranean dehesas where the lack of new recruits constitutes a bottleneck for long-
term persistence.
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