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terrestrial categories and the dead of heathlands indi-
cate the encroachment of xeric communities into 
hygrophytic ones. Observed changes seem to be due 
to succession, forestry management and extrinsic 
drivers such groundwater overexploitation in the sur-
roundings of the protected area.
Conclusions  The long-term study of this station-
ary transition shows the weakening of the factors that 
controlled its establishment, the loss of its constituent 
habitats due to groundwater withdrawal, and its con-
version into a directional transition.

Keywords  Directional transition · Groundwater 
withdrawal · Analysis · Landscape dynamics · Long-
term study · Stationary transition

Introduction

Landscape ecology studies the structure (spatial rela-
tionships among the landscape elements), function 
(flows of energy, materials, and species among land-
scape elements), and dynamics (temporal change in 
structure and function) of landscapes (Forman and 
Godron 1986) of different kinds, including natural, 
seminatural, agricultural, and urban landscapes (Wu 
2013). Change is an inherent characteristic of land-
scapes (Bürgi et  al. 2004), and landscape dynamics 
involve the study of temporal changes in the structure 
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and function of a landscape, and their ecological 
causes and consequences (Wiens 1999).

The spatial configuration of landscapes is a result 
of natural and socioeconomic processes (Naveh and 
Lieberman 1984; Forman and Godron 1986; Turner 
1987, 1990). The interaction between natural and 
modified elements creates complex landscape patterns 
because driving forces operate at different spatial and 
temporal scales (Dunn et  al. 1990). According to 
Peters et  al. (2006), landscape dynamics depend on 
the mosaic of types of transitions contained within the 
landscape. Thus, determining the type of transition 
for each boundary within a landscape is a critical 
step in predicting the response of the landscape to 
environmental drivers.

In 2006, Peters et  al., using the theory of patch 
dynamics, proposed a conceptual framework to 
describe and understand the structural properties 
of biotic transitions, and to predict changes in 
boundaries through time and across space. Biotic 
transitions are understood as consisting of a hierarchy 
of dynamic patches with different properties, spatial 
arrangements, and connectivity with other patches 
that determine the response of the transition zone to a 
range of environmental conditions (Peters et al. 2006). 
Those biotic transitions are understood as including 
the boundary and the neighbouring areas (the end 
states, the two states on either side of the boundary). 
Finally, three types of transitions were proposed 
(directional, stationary, and shifting) differentiated 
by their patch and boundary characteristics and 
dynamics as well as the key drivers and constraints 
influencing their dynamics.

Directional transitions involve the movement or 
invasion by patches from one end state into another 
end state. Thus, the location of the boundary 
between the two states moves unidirectionally 
through time, although the rate may be variable. 
Directional transitions are strongly influenced by 
abiotic drivers and biotic and abiotic feedback 
mechanisms, and initially, a strong abiotic constraint 
that weakens with time. Landscapes consisting 
primarily of directional transitions will respond to 
favourable land use or climatic conditions, and this 
expansion will be maintained through time even if 
the environmental conditions become unfavourable 
(Peters et al. 2006). However, stationary transitions 
are relatively stable over scales of decades with 
little movement by patches from one end state into 

another end state. These environmental boundaries 
are controlled by inherent abiotic constraints 
that are reinforced through time by strong biotic 
feedbacks. Stationary transitions are most common 
along abrupt elevational or geomorphic gradients. 
Landscape consisting primarily of stationary 
transitions will be relatively stable through time 
regardless of changes in environmental drivers. The 
third type of transitions, shifting transitions, involve 
no net change in the location of a boundary over 
relatively long periods of time (Peters et al. 2006). 
Temporary changes in abiotic drivers mean that 
end states can move forward or backward along the 
boundary.

The stabilized sand dunes of Doñana Biological 
Reserve (DBR) constitute a wide transition between 
the recharge and discharges areas of the Almonte-
Marismas aquifer (Fig.  1; Muñoz-Reinoso and 
García Novo 2005), where environmental or natural 
boundaries are produced by differences in ground-
water availability, which is related to topographic 
gradients. Those gradients are determined by the 
West–East slope of the territory, the superimposition 
of several dune generations, and the rolling topog-
raphy of the stabilized sand dunes constituting the 
Doñana landscape. The analysis of the spatial pat-
terns of vegetation along those topographic gradients 
showed the existence of boundaries at several spa-
tial scales (Muñoz-Reinoso and García Novo 2005). 
Those boundaries were discussed in the framework of 
boundaries and ecotones (van Leeuwen 1966; van der 
Maarel 1976, 1990; Margalef 1982, 1997) and char-
acterized according to Peters et al. (2006) by Muñoz-
Reinoso (2009). Therefore, landscapes at the Doña-
na’s stabilized sands consist of a mosaic of different 
types of transitions at different spatial scales where 
geomorphology, through groundwater availability and 
dynamics, exerts a multiscale control on plant com-
munities’ composition and boundaries (Muñoz-Rei-
noso 2009).

Small scale boundaries, occurring along dune 
slopes, are established on transitory gradients linked 
to local exchanges (Margalef 1997), constituting 
a shifting transition with strong abiotic drivers. 
Temporal variation in small scale boundaries happens 
as a response to groundwater fluctuation (Zunzunegui 
et al. 1998) due to variation in annual and interannual 
precipitation (Muñoz-Reinoso and de Castro 2005).
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Fig. 1   Location map a Almonte-Marismas aquifer showing 
the limits of Doñana National Park (DNP), Doñana Biologi-
cal Reserve (DBR), and the confined and unconfined aquifer; 

b DBR showing the transition Naves-Manto Arrasado and the 
location of the studied plot Images from GoogleEarth
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Intermediate scale boundaries take place between 
the dune generations distinguished in the Doñana 
stabilized sands. Within the DBR, three different old 
dune-building events have been recognized and tra-
ditionally called Naves, Manto Arrasado, and Peri-
vera (Muñoz-Reinoso 2009), aeolian dune systems 
III, II and I by Rodríguez-Ramírez et al. (1996), and 
Dry High, Humid High, and Lower aeolian sand 
sheets by Borja and Díaz del Olmo (1996). The 
transitions between different dune generations show 
steep topographic slopes where groundwater dis-
charges take place creating small ponds and dense 
heathlands. Mature serial stage of those dune gen-
erations was Phoenicean juniper, cork-oak, and ash 
woodlands respectively, where structure and func-
tion are similar in the ecosystems on both sides of 
the boundaries (Muñoz-Reinoso 2009). The abrupt 
boundaries which separate plant communities in the 
same serial stage without clear trophic relationships 
between them are symmetric interfaces (Margalef 
1982) and show the characteristics of the station-
ary transitions (Peters et al. 2006), being very stable 
over time.

Large scale boundary occurs nearby the 
discontinuity between sands (dunes) and silt and 
clays (marshes). Although this transition internally 
is very dynamic, is also very stable in a long term, 
working as a stationary transition (Peters et  al. 
2006), with strong inherent abiotic constraints 
(regional groundwater discharges) reinforced by 
strong biotic feedbacks (intense herbivory).

Here, I focus on intermediate boundaries, 
specifically in the boundary between the 
Naves and the Manto Arrasado (Fig.  1b). This 
intermediate boundary is particularly relevant 
because it is formed by three priority habitats 
of European interest (Habitats Directive 92/43/
EEC) such as 2150 “Atlantic decalcified dunes”, 
3170 “Mediterranean temporary ponds”, and 4020 
“Temperate Atlantic wet heaths with Erica ciliaris”, 
two of them (3170, 4020) seriously threatened in 
the Mediterranean context due to anthropogenic 
activities and climate change (Ruíz 2008; Sousa 
et al. 2013). These habitats are highly groundwater-
dependent, and it was hypothesized that due to 
groundwater decline, that intermediate scale 
boundary may be becoming a directional transition 
(Muñoz-Reinoso 2009) because some evidence such 
as ponds desiccation and effects on hygrophytic 

species were reported (Serrano and Serrano 1996; 
Muñoz-Reinoso 2001).

Lindenmayer et  al. (2022) have pointed out that 
large-scale, long-term monitoring is essential for 
documenting the response of biodiversity and key 
ecological processes to environmental change. Long-
term studies are also needed to document boundaries 
dynamics and changes in boundary location and 
composition over time (Peters et  al. 2006; Álvarez-
Martínez et al. 2014). The fiftieth anniversary of the 
creation of the National Park (1969–2019) provided a 
framework to test the hypothesis of the transformation 
of that biotic transition from stationary to directional. 
Thus, this study aimed to (1) analyse the spatio-
temporal changes of land use/land cover units in the 
transition Naves-Manto Arrasado from 1969 to 2019, 
so the analysis of boundary dynamics will be carried 
out by studying changes in its constituent habitats, (2) 
ascertain the drivers of the processes that take place 
in the transition, and (3) understand the consequences 
for the biotic transition.

Methods

Study area

The Doñana Biological Reserve (DBR) is the core 
area of the Doñana National Park (SW Spain; Fig. 1) 
and has the highest level of protection in the park. 
Within the DBR limits there is a representation of the 
characteristic ecosystems of the protected area such 
as stabilized sands, mobile dunes, temporary and 
permanent ponds, and inland saltmarshes (Fig.  1). 
Present vegetation is dominated by Mediterranean 
type shrublands, with remnants of Phoenicean juniper 
and cork oak woodlands, stone pine afforestations, 
and grasslands. Groundwater is a key component for 
the functioning of these ecosystems.

Doñana National Park (DNP) lies on the SE of 
the Almonte-Marismas aquifer system (3400 km2, 
Fig.  1a). That aquifer is considered as a multilayer 
alluvial aquifer constituted of silts, sands, and gravels 
of fluvial-deltaic and marine origin (Salvany and 
Custodio 1995). Seventy-five percent of the aquifer 
surface corresponds to an unconfined aquifer (sands) 
and the rest is confined below the clayey sediments 
of the marshlands. Groundwater recharge is produced 
by rainfall infiltration in the unconfined aquifer; 
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then groundwater flows mainly eastwards, toward 
the marshes (ITGE 1992), with several flow systems 
crossing the DBR stabilized sands (Muñoz-Reinoso 
and García Novo 2005). Since the 1980s, several 
studies have warned about the effects of groundwater 
withdrawal on the groundwater-dependent wetlands 
and terrestrial vegetation of Doñana (Rodríguez 
Arévalo and Llamas 1986; Llamas 1987; Suso 
and Llamas 1993). Since then, the peridune string 
of temporary and permanent ponds has attracted 
a considerable amount of research (Serrano and 
Zunzunegui 2008; Díaz-Paniagua and Aragonés 
2015; Dimitriou et  al. 2017; Fernández-Ayuso et  al. 
2018) due to its proximity to the pumping area of 
the neighbouring Matalascañas tourist resort and its 
effects on the conservation of these unique habitats.

Doñana has a Mediterranean climate with Atlantic 
influences. The annual rainfall is about 560 mm, with 
large annual and interannual variations that condition 
groundwater recharge. Eighty percent of precipitation 
falls between October and March, with scarce or no 
rainfall in summer. The mean annual temperature is 
17º C, with the highest mean temperatures in July and 
August, and the coldest in December and January.

Doñana stabilized sands are composed of several 
Holocene dune generations originated by west winds. 
The younger and higher dune generation (locally 
called the Naves) partially extend over an older and 
lower system (the Manto arrasado), producing a 
marked unevenness (ca. 10 m). To the East, bordering 
the saltmarshes, is the oldest and lowest dune system, 
the Perivera (Muñoz-Reinoso 2009). Within the DBR, 
the transition between the Naves (NN) and the Manto 
Arrasado (MA) is ca. 6 km long, from the Charco del 
Toro pond in the south, to the limits with the Mogea 
property, in the north. The transition is formed by a 
string of small ponds (Charco del Toro, Brezo, El 
Pino, Acebuche de Matalascañas, Ojillo, Navazo 
del Toro, Acebuche de las Palomas, El Moral and 
some smaller unnamed ones) and a wide, dense band 
of heathland, with stands of Erica ciliaris heaths, 
associated to peat bogs, all showing the importance 
of groundwater discharges in the transition.

With the aim of studying the changes that took 
place in this boundary a plot, 1 km wide and 1.95 km 
long, was laid out along the NN-MA transition, 
avoiding the southern area because of its proximity 
to the mobile dunes transition and the effects of the 
Matalascañas tourist resort pumping area (Dimitriou 

et  al. 2017) (Fig.  1b). The northern area was also 
avoided because it is entirely covered by a pine 
plantation (that is, the end states on both sides of 
the transition are the same and a result of human 
activity). The plot includes, from south to north, 
ponds such as Ojillo, Navazo del Toro, Acebuche de 
las Palomas and El Moral.

Landuse/landcover types

Nine land use/land cover (LULC) types have been 
chosen in accordance with previous work (Allier et al. 
1974; Díaz Barradas et  al. 1999; Muñoz-Reinoso 
2001, 2009), which represent the most widespread 
vegetation types in the study area, reduce the error 
in photointerpretation, and due to their composition 
and previous knowledge allow the hypothesis to be 
tested. Although the chosen LULC types reduce the 
error in the detailed photointerpretation performed, 
a conservative approach has been chosen in 
determining the LULC type. For example, the early 
stages of succession in the juniper or pine forest have 
been classified as the corresponding shrubland type 
on which juniper or pine was establishing. In the 
2016 images, areas of dead heathland were observed, 
but during fieldwork it was observed that these areas 
were beginning to be colonised by other species, 
especially Phoenicean juniper, so it was decided to 
include dead heathland (MNM) as a new category, 
instead of considering it as juniper woodland. Table 1 
shows the characteristics and plant composition of 
these LULC types.

Landuse/landcover changes

The study of LULCs changes was accomplished by 
comparing four sets of orthorectified aerial photo-
graphs. The availability of black and white, 1:10,000 
scale, aerial photographs of the DBR made it possi-
ble to establish the starting point of the study in 1971, 
shortly after the creation of the national park. Con-
sidering the availability and quality of aerial images 
from the Institute of Statistics and Cartography 
(IECA, Junta de Andalucía), and a series of key dates 
in the protection and management of the National 
Park and its surroundings, such as the Doñana 
National Park Law (Law 91/1978), the implementa-
tion of the “Lynx Plan” (1986), the coming into force 
of the POTAD (Plan de Ordenación del Territorio del 
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Ámbito de Doñana = Land Management Plan for the 
Doñana region) and the 50th anniversary of its crea-
tion (2019), three sets of aerial images were chosen 
(1984, 2002 and 2016). Law 91/1978, of 28 Decem-
ber, on the Doñana National Park increased the size 
of the protected area, created new buffer protection 
zones, and forbade traditional uses such as prescribed 
burning. The Lynx Management Plan (1986) was 
the first global plan established in the National Park 
and affected the food web of the protected area with 
the aim of increasing net primary productivity and 
channelling the energy through the rabbit to the Ibe-
rian lynx. It established old age shrubland clearing, 
thinning of recent (1950s) stone pine afforestations, 
sowing of herbaceous plants, exclosures for passive 
vegetation protection, reforestation with native spe-
cies, wild rabbit restocking, construction of artificial 
warrens, control of wild ungulates, removal of foxes, 

captive breeding of the Iberian lynx, and monitor-
ing and research support activities. Finally, the pur-
pose of the POTAD (2003) was to establish the legal 
framework for the land use planning and sustainable 
development of the Doñana area to guarantee and 
make compatible the preservation of environmental 
and territorial resources with socio-economic pro-
gress, and the improvement of the living conditions 
of its citizens. It established three general objectives 
and 17 lines of action.

Fieldwork was carried out in 2019 to assess the 
photointerpretation of the last set of images. Through 
photointerpretation, a LULC map for each date was 
delineated. The maps were manually digitized into 
0.0625  ha pixels (25  m × 25  m), assigning to each 
pixel an integer representing a LULC category 
(Table  1) which had more surface (Legg 1980). 
Digitized data were transformed into raster using the 

Table 1   Description of land use/land cover categories

Priority habitats of European interest constituent of the transition are included
WTDW water table depth in winter (according to Allier et al. 1974), Abb abbreviations

Land use/land cover Abb Description Height (m) Plant composition WTDW (m)

Phoenicean juniper woodland SAB Mature ecosystem of xeric 
series. Open forest. 2250 
“Coastal dunes with Juniperus 
spp.”

 > 2 Juniperus phoenicea, Osyris 
lanceolata, Cladonia 
mediterranea

 > 3

Xerophytic shrub MB Serial sclerophillous shrub of 
juniper woodland, composed 
by seeder pyrophytic species

 < 1.5 Cistus libanotis, Halimium 
calycinum, Lavandula 
stoechas, Salvia rosmarinus, 
Stauracanthus genistoides

 > 3

Mixed shrub MI Shifting transition between MB 
and MN

 < 1.5 Ulex australis, H. halimifolium 2–3

Hygrophytic shrub MN Heathland. 2150 “Atlantic 
decalcified dunes” and 4020 
“Temperate Atlantic wet 
heaths with Erica ciliaris”. 
Includes serial species of 
Cork-oak woodland

 > 2 Erica scoparia, E. ciliaris, 
Calluna vulgaris, Ulex minor, 
Genista anglica, Quercus 
suber, Myrtus communis

Flooded-1,5

Pond-grasslands LP Seasonal ponds covered by 
grass during summer. 3170 
“Mediterranean temporary 
ponds”

Mentha pulegium, Cynodon 
dactylon, Juncus spp., 
Holoschoenus scirpioides

Flooded-1

Pine afforestation PR Pinus pinea plantations realized 
in the 1950s. High densities

1–3 Pinus pinea 1- > 3

Sub-spontaneous pines PS Pine trees coming from the 
plantations and invading the 
shrubs

 > 2 Pinus pinea, xeric shrubs 1- > 3

Firebreak CF strip of open space
Dead hygrophytic shrub MNM Drought-dead heathland. 2150 

“Atlantic decalcified dunes”
2 Erica scoparia
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raster package (Hijmans and van Etten 2019) in R (R 
Core Team 2022). The analysis of LULC time series 
was performed with R software using the OpenLand 
package (Exavier and Zeilhofer 2020). OpenLand 
implement a complete Intensity Analysis (Aldwaik 
and Pontius 2012). Intensity Analysis (IA) is a 
quantitative method to analyse LULC maps at several 
time steps, using cross-tabulation matrices, where 
each matrix summarizes the LULC change at each 
time interval. IA tests at three levels for stationarity 
of patterns of change across time intervals. Here, 
stationary means that the pattern of change in one 
time interval is the same as the pattern of change 
in a different time interval. First, the interval level 
examines how the size and rate of change varies 
across time intervals (slow vs. fast intervals). Second, 
the category level examines how the size and intensity 
of gross losses and gross gains in each category vary 
across categories for each time interval (dormant vs. 
active categories). Third, the transition level examines 
how the size and intensity of a category’s transitions 
vary across the other categories that are available for 
that transition (avoided vs. targeted categories). To 
perform the intensity analysis at the transition level 
OpenLand requires that two categories, n and m, 
are predefined; the first n is a target category which 
experienced relevant gains and m a category with 
important losses. In the present study, two analyses 
have been carried out at the transition level using PS 
and SAB as “winners” and LP and MN as “losers” 
categories respectively (see Table 1 for abbreviations 
of categories), the former characteristics of the “end 
states” and the latter of the NN-MA boundary.

Groundwater levels

In boundary analysis is needed to understand the 
factors that control the establishment and demise of 
boundary structure (Cadenasso et  al. 2003). Given 
that transitions between different dune generations 
at DBR are produced by groundwater discharges 
(Muñoz-Reinoso and García Novo 2005; Muñoz-Rei-
noso 2009), measurements of water table levels may 
show differences in groundwater availability over 
time in the transition. The oldest recordings of water 
table levels in DBR are from the Corral Largo (1974), 
a dune slack in the mobile dune system, 4.3 km SE 

from the Ojillo pond (Muñoz-Reinoso and de Castro 
2005).

Since 1989 there are monthly measurements 
of water table levels in shallow PVC piezometers 
(2.5  m depth) located in the bed of several ponds 
of the boundary (Muñoz Reinoso 1996; Serrano 
and Zunzunegui 2008). Since 1995, Confederación 
Hidrográfica del Guadalquivir (CHG) installed an 
important network of deep piezometers (14–17  m) 
to monitor the characteristics and levels of the 
groundwater in the DNP. Every year CHG publishes 
a report on the state of the aquifer containing data on 
groundwater levels in different areas of Doñana and 
their surroundings (https://​www.​chgua​dalqu​ivir.​es/​
estud​ios-​tecni​cos; CHG 2020) report. One of these 
points is Ojillo, within the boundary, where there also 
was a shallow piezometer in the deepest point of the 
pond with recordings from 1990 to 1999.

Precipitation

Because of the recharge of the aquifer is produced 
by infiltration of precipitation on the unconfined 
aquifer (Suso and Llamas 1993), precipitation 
variability affects to groundwater flows of different 
scale (Muñoz-Reinoso and García Novo 2005) 
and water availability. Thus, precipitation data of 
hydrological years (from October to September) 
have been compiled for the period 1969–2019. Data 
for the year 1969/70 come from the Los Bodegones 
meteorological station, located to the North, about 
12 km away from the study area. Data for the period 
1970/71–1980/81 was provided by the DNP staff, 
while the data for the period 1981–2019 come from 
the DBR meteorological station.

Management

Several management activities within the protected 
area may condition changes in the LUCs considered 
in this study. Article 13 of Law 8/1999, of 27 October, 
on the Doñana Natural Area, states that the functions 
of the Management Team are to draw up the Annual 
Report on Activities and Results and submit it to the 
Participation Council for approval for its knowledge 
and report. These documents, available since 2000, 
show the basic information, activities, and results 
of the management of the natural area (https://​
www.​junta​deand​alucia.​es/​medio​ambie​nte/​portal/​

https://www.chguadalquivir.es/estudios-tecnicos
https://www.chguadalquivir.es/estudios-tecnicos
https://www.juntadeandalucia.es/medioambiente/portal/home
https://www.juntadeandalucia.es/medioambiente/portal/home
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home). Previous activity reports of the National Park 
(1985–1999) by its technical staff are kept in the 
offices of the DBR. For previous years, management 
information is much scarcer, and without special 
attention to the study area. Consultation of these 
reports makes it possible to analyse the effects that 
the management of the protected area may have on 
the LULCs and their changes.

Changes in the surroundings

The increase in urban areas and irrigated agriculture 
around the protected area may affect its wetlands 
and the most sensitive plant communities to water 
availability (see Muñoz-Reinoso 2001; Serrano 
and Zunzungui 2008; Dimitrou et  al. 2017). The 
direct study of the changes that have occurred in the 
surroundings of the national park and that may affect 
water availability for the LULCs considered in this 
work (Table  1) is beyond the scope of this paper. 
However, several papers dealing with these topics 
(WWF 2009; Prados et  al. 2014; Izquierdo Cubero 
et  al. 2020) have been revised to understand the 
possible effects on the dynamics of landscape change.

Results

Spatio‑temporal changes

The study area was clearly dominated by the Pinus 
pinea afforestation (PR, Table 2), which experienced 
a fire during the first interval (1971–84), remaining 
stable until the end of the study period. However, 

Phoenicean juniper woodland (SAB) and sub-spon-
taneous pines (PS) increased, and dead heathland 
(MNM) appeared in the last interval (2002–2019). 
The categories that decreased in extent were xero-
phytic scrub (MB), heathland (MN) and pond-grass-
land (LP), the rest of the categories remaining with-
out relevant changes. Figure 2a shows the complexity 
and magnitude of the changes among the different 
LULC categories and between the four dates, and 
Fig. 2b the raster maps for each date. The increasing 
trend in SAB and PS as well as the decreasing trend 
in MB, MN and LP can be easily visualised.

Intensity Analysis (IA) at the interval level (Fig. 3) 
shows that the size of the change (left side of plot) 
during the second time interval was lower than in the 
first and third intervals. It also shows that the annual 
rate of changes (right side) in the first and third period 
were faster. That is, the rate of change was not sta-
tionary at the interval level.

At the category level, Fig.  4a shows that differ-
ent categories had different gains during the three 
intervals (left side), with SAB, MI and PS showing 
more gains, and being categories more actives in the 
changes (right side). Also remarkable in the third 
interval are the gains and rates of change of MB and 
MNM. The sizes and rates of loss (Fig. 4b) also var-
ied among categories and intervals. LP had signifi-
cant losses throughout the study period, which slowed 
down during the second interval, but increased in 
intensity in the third one. Losses in MN were very 
stable during the first two intervals but increased con-
siderably in size and intensity during the third inter-
val. Also important were the size of the losses and 
their rates for MB and MI which, although slowed 
down during the second interval, increased again in 
the third one.

At the transition level, I investigate the transi-
tion to LP and MN to other categories (PS and SAB 
respectively, see Table 1 for abbreviations) although 
the results show the transition to the rest of catego-
ries. Figure 5a presents the annual rate and the tran-
sition intensity to which LP loses; it shows that dur-
ing the first two intervals, when LP loses, the largest 
transitions were towards MN, while in the third inter-
val the transitions include other categories (PS, MN, 
MI, MB) indicating the colonization of the dry pond 
beds by vegetation. Figure 5b shows that MN losses, 
although small in extent in the first two intervals, 
were intense towards PS and MI. However, during 

Table 2   Percentage of landuse/landcover (LULC) for each 
date in the Ojillo area

Category # LULC category 1971 1984 2002 2019

1. SAB 7.56 9.97 12.34 18.97
2. MB 18.97 18.53 15.29 12.56
3. MI 4.94 4.90 5.61 6.35
4. MN 16.89 19.13 18.27 10.64
5. LP 5.58 4.71 4.46 1.67
6. PR 44.58 40.13 40.32 39.62
7. PS 0.06 1.19 2.21 4.55
8. CF 1.41 1.44 1.51 1.41
9. MNM 0.00 0.00 0.00 4.23

https://www.juntadeandalucia.es/medioambiente/portal/home
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the third interval the losses were more extensive and 
intense towards PS and MI, but the largest and intense 
transitions were towards MNM, that is, they were 
caused by heathland death. SAB and PS gains were 
similar (plots not shown), with a target on MB and 
MI, especially on the former. However, it is remark-
able that during the second interval SAB was also a 
target for PS, and that during the third interval LP and 
MN were also targets for PS.

Precipitation

The mean precipitation in the study area for the 
complete period (1969/70–2018/19) was 554.7  mm, 
with wet and dry periods of irregular duration 
(Fig.  6). The first (1969/70–1983/84) and third 
(2002/03–2018/19) periods showed similar rainfall 
(530.1  mm and 525.0  mm respectively). However, 
while the first period showed two wet and two dry 
cycles (the second of which was very dry), the third 

Fig. 2   a Sankey Diagram 
showing the multistep tran-
sition between categories 
(1971–1984-2002–2019, 
from left to right). Abbre-
viations according to 
Table 1; b Raster maps for 
the four dates. Colours for 
LULCs according to Sankey 
diagram
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period showed a first phase of alternating wet and dry 
years and a second phase with years predominantly 
below average rainfall. In contrast, the second period 
(1984/85–2001/02) showed a mean precipitation of 
603.2 mm, above the 50-year average, and was char-
acterised by the two wettest periods of the series as 
well as the longest dry period (1990/91–1994/95).

Water table levels

The evolution of the water table levels in both pie-
zometers of Ojillo shows the 91/92–94/95 drought, at 
the end of which the lowest levels of recordings were 
reached (Fig.  7). Subsequently, heavy rainfall in the 
period 95/96–97/98 caused the pond to flood again. 
In the deep piezometer, the water table shows annual 
fluctuations in response to precipitation and reflect the 
discharges in the transition zone. However, from the 
2004/05 drought onwards the maximum (shallower) 
values were not reached again despite precipitations 
(Fig.  6), and since then the levels showed a down-
ward trend, most markedly since 2011/12, although 
the deepest levels of 1994/95 were not reached, as 
pointed out by the CHG (2020).

Management

The most relevant management activities carried 
out in the protected area for the LULCs present in 
the study area (Table 1) were the activities on recent 
Pinus pinea plantations and on old age, senescent 
shrublands. These activities were included in the 
Lynx Management Plan (actions shared with a later 
Imperial Eagle Management Plan), the prevention 
of forest fires, and the subsequent plans that would 
replace the first one (Restoration of potential habitats 
of threatened predators occupied by recently Pinus 
pinea afforestations in the Doñana National Park, 
etc.).

The thinning of the pine afforestation basically 
consisted of reducing the densities of the trees (which 
could exceed 10,000 individuals/ha, with pines 
over 35 years old and between 1 and 3 m in height) 
in proportions varying between 60 and 80%, with 
different strategies depending on the topographical 
location of the pines. The latter allowed the pines to 
be maintained in the lower areas, with shallower water 
table, on the edge of heathlands and ponds, where 
they had a higher growth rate. Treatments included 

Fig. 3   Intensity Analysis at interval level. On the left, percent-
age of area that change in each interval. On the right, inten-
sity on the change in each interval. Uniform rate (U, vertical 
dashed line) is the rate which would exist if the pattern of 

change were perfectly stationary (the same among intervals) in 
terms of rate of overall change. It distinguishes between slow 
and fast change intervals
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thinning, pruning and removal of biomass from the 
felled trees (see Annual Reports of Activities).

The treatment of old age, senescent shrublands was 
intended to restore a lost patchiness and productivity 
traditionally maintained by prescribed fires. This 
traditional practice maintained grasslands in lower, 
more productive areas, for the feeding of wild and 
domestic herbivores. That practice was forbidden 
with the entry into force of Law 91/1978. After years 
of trials, the practice of clearing the shrublands was 
carried out with a tractor with a chain cutting saw and 
established in strings of small plots (0.5 ha) linked by 
corridors, on a total area of ca. 25 ha/year. However, 
this new treatment was carried out in topographically 
intermediate areas, between the MN and the MB, that 

is, on the MI (Table 1). Over time and in successive 
projects, shrub treatment has included plowing, 
clearing, and burning.

Both practices, pine thinning and shrub clearance, 
do not promote a change in the affected LULCs (PR, 
MB, MI, MN), in the sense that these units remain as 
the same after the treatment within a few years. Nor 
do they directly affect LULCs other than themselves, 
although they may do so indirectly. On the other 
hand, the implementation of these practices can 
give us information on previous changes in the plant 
communities. Thus, the thinning and pruning of pine 
trees can be seen in the images from 2002 and 2016, 
and the treatment of the shrublands can also be seen 
in the latter date. It is worth noting two aspects that 

Fig. 4   Intensity Analysis 
at category level showing a 
the gains of each category 
at each time interval, and b 
the losses of each category 
at each time interval, in area 
(left) and intensity (right). 
Vertical dashed line is the 
uniform rate, St Stationary 
for the categories within 
each interval
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will be considered later: i) the growth of the pine trees 
and its potential consequences, and ii) the treatment 
of heathlands (MN), dead or weakened at the time of 
the treatment.

Changes in the surrounding areas of DNP

In 2009, WWF-Spain carried out a study that aimed 
to identify and quantify the surface of the crops under 
plastic in the region of Doñana (7 municipalities 
in the recharge area of the aquifer) between 2003 
(approval of POTAD) and 2009 (WWF 2009). The 

conclusions showed that the total area transformed 
into plots covered by plastic at the time of the 
approval of POTAD was 9118  ha, and the surface 
transformed into intensive crops under plastic during 
the studied period were 1688  ha (representing an 
increase of 18.5%). On the other hand, the study 
reports that the loss of public forest land during the 
process of agricultural intensification was 2436  ha. 
These transformations do not only affect the recharge 
of the aquifer and the availability of water resources, 
but also aspects related to the connectivity of the 
protected area. Later, a paper by Bea et  al. (2014) 

Fig. 5   Intensity Analysis at 
transition level showing the 
transitions: a from pond-
grassland (LP) and b from 
heathlands (MN) catego-
ries to other categories at 
each time interval, in area 
(left) and intensity (right). 
Vtm value of uniform 
intensity of transition from 
category m to all non-m 
categories
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delves into social, economic, legal and, especially, 
technological aspects in the analysis of these changes, 
as an example of how to use it to achieve water 
governance.

Prados et  al. (2014) studied the changes in land 
uses in the socioeconomic areas of influence of 
Doñana for the period 1990–2006 using 13 adapted 
classes from Corine-Land Cover. The study was 
restricted to the four municipalities with an area 
inside the national park, DNP representing this a 
20% of the total area. Results showed that, during the 
fifteen-year time span concerned, changes affected 
17% of the fringe area of the national park and all 
Corine classes surveyed. Changes in the surroundings 
of the DNP tend to concentrate in the west of the 
protected area, with losses in the natural component 

(forests) and gains in urban and agricultural (crops on 
permanently irrigated land) uses.

Izquierdo Cubero et  al. (2020) analysed the 
processes of artificialisation and naturalisation in the 
Comarca of Doñana (2900 km2, 14 municipalities) 
during the period 1956–2018 using the Map of Uses 
and Cover of Andalusia (Junta de Andalucía), Corine-
Land Cover and other sources of information. The 
authors evaluate the evolution of the transformation 
of both, land from natural to agricultural and from 
agricultural to urban (and vice versa) and make a 
comparative chronology for different phases of the 
period studied between the processes of land use, 
the legal framework, and singular moments in the 
development of Doñana. According to their maps, 
after a long initial period (1956–77), the largest 

Fig. 6   Precipitation of the 
studied period showed for 
the three time-intervals. 
Average and moving aver-
age are also shown
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transformations from natural to agricultural land 
in the western area of the national park took place 
in the periods 1984–99, 1999–2003 and 2003–07. 
These changes involved the development of intensive, 
irrigated agriculture.

Discussion

Landscape dynamics

The current analysis has shown complex patterns 
of change, varying over time in size and rate, and 
affecting different LULC categories in different ways 
(Fig.  2) because natural and anthropogenic driving 
forces operate at different spatial and temporal 
scales (Dunn et  al. 1990). In heterogeneous and 
changing landscapes, the detection of temporal 
changes is subject to uncertainties associated with 
misclassification of units and the spatio-temporal 
variability of change patterns (Álvarez-Martínez 
et  al. 2011). It is necessary to know whether errors 
in the data could explain the differences observed 
over time between categories (Aldwaik and Pontius 
2013). Despite the lack of a numerical assessment of 
uncertainties and errors, the chosen LULCs reduce 
photo-interpretation errors and show observable 
trends of increasing organisation (juniper succession, 
pines encroachment) and desiccation (loss of ponds 
and heathland reduction). Throughout the study 
period the area occupied by hygrophytic communities 
(MN, LP) underwent a significant decrease, dying ca. 
25% of the heathlands. Desiccation of the heathland 
and its treatment also contributed to its transformation 
into mixed shrub (Table 2). During the first interval 
(1971–1984), a fire affecting PR favoured an initial 
increase in MN, as well as other shrub types (MB, 
MI, Fig. 4a) although the latter were suffering more 
intense losses towards SAB and PS (Fig.  4b). In 
their study on the expansion of Phoenician juniper 
(SAB) in the DBR between 1956 and 2005, García 
et  al. (2014) showed that the population growth 
was smaller at low elevation areas occupied by 
heathlands. Muñoz-Reinoso (1997) showed that, 
until at least the 1990s, neither junipers nor pines 
colonised heathlands due to regular flooding by rising 
water table during wet periods. However, in the third 
interval of the present study (2002–19), junipers, 
which previously remained on the heathland edges, 

were colonising dead heathland (MNM) and low 
elevation areas. Throughout the study period, PS 
also showed a continuous and significant process of 
growth on heathlands (MN), especially in the third 
period (Fig. 5b). In addition to death and colonisation 
by pine trees, in this third period heathland also 
decreased due to the colonisation of intermediate 
shrubland species (MI).

In Doñana, the decline of ponds and grasslands 
(LP) does not seem to be recent. Fernández Alés 
et al. (1992) already noted it in the period 1956–1984 
in the centre of the DBR, although they related it to 
changes in management practices (prescribed fires). 
After the creation of the national park, practices 
such as thinning and burning of low elevation areas 
and heathlands were prohibited. According to 
successional processes, heather colonises grasslands 
(Allier et  al. 1974; García Novo and Merino 1997), 
a process that is observed in the first two intervals 
of the present study (Fig.  5a); however, between 
2002–19 these areas were not only colonised by 
heather (MN), but also by MB, MI, PS and even 
heather, that had previously established in the pond 
basin, dies out (Fig.  5a). These results show a clear 
trend towards desiccation even though groundwater 
did not reach the levels of the drought 1994/95 
(Fig. 7) as the CHG (2020) report states. That is, the 
plant communities that constitute the transition are 
not directly dependent on deep groundwater levels.

Mediterranean temporary ponds have a great 
importance for biodiversity conservation. However, 
they are in a regressive trend due to a lack of 
recognition of its values and functions because of 
its ephemeral nature and small size (Ruíz 2008). In 
Doñana the loss of ponds has been observed for 
more than 20  years (Muñoz-Reinoso 2001; Serrano 
and Zunzunegui 2008; Díaz-Paniagua and Aragonés 
2015). The decline of the NN-MA transition’s 
constituent ponds has been constant throughout 
the study period, accelerating in the last interval 
(Table 2), in which the ponds appear to be invaded by 
shrublands and pine trees (Fig. 5a).

These changes in aquatic and terrestrial 
groundwater-dependent ecosystems coincide with 
changes in the immediate surroundings of the 
national park (WWF 2009; Prados et  al. 2014; 
Izquierdo Cubero et al. 2020). Although this process 
has been very continuous over time, the most 
significant changes have occurred during the last time 
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interval, which coincides with the entry into force 
of the POTAD (2003) and the irregularity of rainfall 
(Fig. 6). Recently, Rodríguez-Rodríguez et al. (2021) 
have shown that the reduction in the flooded area of 
peridunal ponds during the period 1994–2015 cannot 
be explained only by a reduction in precipitation, 
which is consistent with the continued reduction in 
the surface area of the ponds shown in the present 
study (Fig. 4b).

Processes and drivers

During the study period, the main processes 
observed in this biotic transition were succession in 
the juniper woodland, pine expansion, drying out of 
the temporary ponds and the death of heathlands. 
According to Bürgi et  al. (2004), to explain those 
changes the distinction between intrinsic and 
extrinsinc driving forces is helpful.

Phoenicean juniper succession is a typical process 
of inherent dynamic (Bürgi et  al. 2004) in the drier 
areas of Doñana (Allier et al. 1974). Recently, García 
et  al. (2014) have shown an overall demographic 
expansion of the juniper woodland between 1956 
and 2005, with significant spatio-temporal variation 
in population trends. Protection of the area and the 
control of fires must have benefited the encroachment 
of this endozoochorous species characteristic of 
the drier areas of Doñana, and which may have 
secondarily benefited from a generalised drying out 
of the territory.

The case of pine trees expansion, although more 
limited in the study area, follows a different process. 
At the time of the creation of the DBR (1964), 
approximately 2000  ha of its 6794  ha were covered 
by high-density pine plantations. Several fires in the 
early 1980s reduced this area to about 1249 ha, which 
have been treated since the mid-1980s to prevent fires 
and within the Lynx Plan to create suitable habitats 
for rabbits and their predators (see Annual Reports 
of Activities). Although there are still no studies on 
the expansion of the pine trees in the DBR stabilised 
sands, the initial high planting densities must not 
have allowed for adequate growth and fruiting of 
the pines. Subsequent thinning and pruning must 
be responsible for the continued and significant 
expansion of the pines (Fig.  4) by favouring their 
growth and reproduction. In addition, the criterion of 
keeping the pines in low elevation areas, at the edge 

of heathlands and ponds, must have contributed to 
the desiccation and colonisation of those, which was 
lower in the second, wetter, interval (Fig. 5). Negative 
effects of pine trees on groundwater have been also 
shown by Tölgyesi et  al. (2020) in sandy dry lands. 
They stated that individual trees as well as forests and 
tree plantations may contribute to decreases of water 
balance at the regional scale. Thus, intrinsic political 
drivers (sensu Bürgi et  al 2004) responsible for this 
kind of management do not seem to have understood 
the functional keys of the Doñana groundwater 
dependent ecosystems.

Many studies have pointed to pumping for 
urban water supply and irrigated agriculture as 
responsible for the decline in groundwater discharges, 
the lowering of groundwater table, the decrease 
in hygrophytic vegetation and the drying up of 
Doñana ponds (Muñoz-Reinoso 2001; Serrano and 
Zunzunegui 2008; Díaz-Paniagua and Aragonés 
2015; Dimitrou et al. 2017; Naranjo-Fernández et al. 
2020). Since the warnings issued in the mid-1980s 
about the potential effects of water abstractions 
(Rodríguez Arévalo and Llamas 1986; Llamas 1987) 
on the groundwater dependent ecosystems of Doñana, 
numerous studies have been carried out on the 
aquifer, its structure and functioning (Manzano et al. 
2013; Kohfahl et  al. 2019 and included references). 
However, this research effort has not translated into 
an improvement in the state of Doñana’s wetlands. 
Extrinsic driving factors of socioeconomic, political, 
and technological type (irrigation agriculture, 
urban water supply) that promoted groundwater 
withdrawal seem to be responsible for landscape and 
boundary changes within the protected area (WWF 
2009; Prados et  al. 2014; Izquierdo Cubero et  al. 
2020). Other extrinsic (protection laws) and intrinsic 
(management) political factors have not been able to 
counteract the negative effects of the above (Izquierdo 
Cubero et al. 2020).

Boundary dynamics

In the Doñana landscape, the NN-MA transition 
is an abrupt boundary, where species from 
adjacent communities meet their distribution 
limits (Clements 1905, in Hansen et  al. 1988), 
juniper woodland from the Naves and cork oak 
woodland from the Manto Arrasado (Muñoz-
Reinoso and García Novo 2005). Along this 
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structural discontinuity (different dune generations), 
groundwater discharges occur that established 
and control this stationary transition. This strong 
abiotic constraint (groundwater discharges) has 
been weakening in recent decades, because deep 
groundwater abstractions have produced a flow 
from shallow to deep groundwater levels (Muñoz-
Reinoso 2001), reducing discharges to the point 
of disappearing. For this reason, although the 
deep levels of Ojillo have not reached the values 
of the 91/92–94/95 drought (Fig.  7), the ponds of 
this transition (Ojillo, Navazo del Toro, Acebuche 
de las Palomas, El Moral) have dried up and the 
heathlands are dying (Table 2, Fig. 5).

According to Peters et  al. (2006), landscape 
dominated by stationary transitions will be 
relatively stable through time regardless of changes 
in environmental drivers. However, the study by 
Tölgyesi et al. (2016) on the dynamics of grassland 
ecotones in Central Hungarian inland dunes 
contradicts this conceptualization; they stated that, 
under certain circumstances, these landscapes can 
also show changes in the spatial pattern. In our case, 
the transition has been invaded by species from the 
drier end state (SAB, PS, MB, MI), moving the 
location of the boundary unidirectionally, indicating 
that the boundary is transforming into a directional 
transition, making this ancient stationary transition 
disappear.

It has been postulated that boundaries or 
ecotones are very sensitive areas to environmental 
change (Gosz and Sharpe 1989). However, as 
pointed out by Delcourt and Delcourt (1992), 
ecotone dynamics are conditioned by the rate 
and magnitude of environmental change, by the 
tolerance thresholds of dominant species, and by 
the geographic proximity, competitive abilities, 
and dispersal capabilities of invading species. 
These changes seem to have been taking place in 
the NN-MA transition for several decades now, but 
favourable periods (heavy rainfalls, Fig.  6) may 
have masked long-term trends in those communities 
and habitats already established at the boundaries 
(Fig.  5).It seems that the magnitude of the present 
environmental change is not fully understood, and 
human activities are replacing natural agents of 
change as the primary determinants of landscape 
structure and dynamics in protected areas such as 
Doñana.

Conclusions

Long-term studies are needed to document boundaries 
dynamics and changes in boundary location and 
composition over time (Peters et  al. 2006). This 
study, with a time span of ca. 50 years divided into 
three intervals, has addressed the analysis of the 
dynamics of a stationary transition through landscape 
changes by means of intensity analysis (Aldwaik 
and Pontius 2012). The studied transition (Fig. 1) is 
produced by a structural discontinuity (different dune 
generations) where intermediate groundwater flows 
discharge (Muñoz-Reinoso and García Novo 2005; 
Muñoz-Reinoso 2009), and is formed by priority 
habitats of European interest such as 2150 “Atlantic 
decalcified dunes”, 3170 “Mediterranean temporary 
ponds”, and 4020 “Temperate Atlantic wet heaths 
with Erica ciliaris” (Habitats Directive 92/43/EEC). 
Documented changes show the transformation of 
this biotic transition from stationary to directional, 
where xeric communities encroach into hygrophytic 
ones. Those changes are caused by multiple 
interacting factors originating from different levels 
of organization of the coupled human–environment 
systems (Lambin et  al. 2003), although the main 
cause seems to be groundwater withdrawal for 
irrigated agriculture and urban supply. This is leading 
to the disappearance of these habitats of European 
interest, as well as their constituent species.

The root of this problem is a lack of a land-
use planning policy in the 1960s that allowed 
contradictory and conflict generating situations (the 
National Park, Almonte-Marismas Agricultural 
Transformation Project, Matalascañas Tourist Centre 
of National Interest) that has not been resolved. 
It is urgent to address the restoration of Doñana’s 
groundwater dependent ecosystems from a broader 
perspective, such as that provided by Landscape 
Ecology, considering pattern and processes that take 
place at several spatial and temporal scales.
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