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ARTICLE INFO ABSTRACT
Keywords: Urban habitats represent new opportunities to study natural processes such as ecological suc-
Ruderal grasslands cession. Our work focused for the first time on the changes in ecosystem services occurring in the

Mediterranean city
Plant diversity

Soil water regulation
Soil organic matter

ecological succession from annual to perennial grasslands in Mediterranean peri-urban green-
spaces. Student’s t test was used to analyse the influence of the grassland type on plant and soil
features, and showed that soil under perennial grassland had a significantly higher C content and
arylamidase and arylsulfatase activity than annual grasslands. In contrast, annual grasslands
showed a significantly higher plant-species richness, and their soils had higher bulk density and
phenoloxidase and arylamidase activity compared to perennial grasslands. Neither the labile nor
recalcitrant fractions of the organic matter showed any significant difference between commu-
nities. When all the soil factors were included together, Redundancy Analysis revealed a signif-
icant gradient in soil phenoloxidase activity and organic matter distinguishing perennial from
annual grasslands. We conclude that when annual grasslands give way to perennial grasslands
through natural succession in Mediterranean greenspaces, certain ecosystem services such as soil
carbon storage and water regulation improve, while biodiversity maintenance declines. Thus,
Mediterranean urban greenspaces where natural succession occurs should be handled in such a
way as to preserve both type of habitats in order to improve a wider range of ecosystem services.

1. Introduction

The growing global trend towards urbanization in the coming decades, when a large majority of the world’s population will be
concentrated in cities (United Nations, 2019), increases the importance of having knowledge of urban ecosystem services
(Cardenas-Mamani and Perrotti, 2022) in order to explore the potential resilience and quality of life in cities (Gomez-Baggethun et al.,
2013) and contribute to a more resource-efficient city structure and design (Bolund and Hunhammar, 1999). Urban ecosystems are
considered in a good condition if they offer good living conditions for humans and urban biodiversity in terms of good air and water
quality, a sustainable supply of ecosystem services and a high level of urban species diversity, among others (Maes et al., 2016, 2018).
Within cities, urban greenspaces (UGs) are critical ecosystems for enhancing the quality of life in an urban environment by supporting

* Corresponding author.
E-mail address: jmabril@ucm.es (J.A. Molina).

https://doi.org/10.1016/j.gecco.2024.e03118

Received 22 March 2024; Received in revised form 17 June 2024; Accepted 28 July 2024

Available online 31 July 2024

2351-9894/© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:jmabril@ucm.es
www.sciencedirect.com/science/journal/23519894
https://www.elsevier.com/locate/gecco
https://doi.org/10.1016/j.gecco.2024.e03118
https://doi.org/10.1016/j.gecco.2024.e03118
http://crossmark.crossref.org/dialog/?doi=10.1016/j.gecco.2024.e03118&domain=pdf
https://doi.org/10.1016/j.gecco.2024.e03118
http://creativecommons.org/licenses/by-nc-nd/4.0/

J.R. Quintana et al. Global Ecology and Conservation 54 (2024) e03118

biodiversity and supplying ecosystem services such as water and climate regulation (Carpenter et al., 2009; Vargas-Hernandez et al.,
2023; Valenca Pinto et al., 2022). However, what primarily characterizes urban environments, including UGs, is their spatial het-
erogeneity in both biotic and abiotic components (Cadenasso et al., 2007; Cervelli et al., 2013; Greinert, 2015). The heterogeneity of
habitats in UG spaces also implies spatial heterogeneity in their ecosystem services (Molina et al., 2023a, 2024; Paudel and States,
2023). Knowledge of this topic is a promising growth area, and is important for managing UGs towards greater sustainability.

UGs can contain remnants of forest and natural vegetation that provide important ecosystem services such as maintaining diversity
(Yang et al., 2021) and carbon storage (Yesilonis and Pouyat, 2012). UGs also host ruderal habitats formed by spontaneous vegetation
(Molina et al., 2023a) containing pioneer or opportunistic species that are closely related with frequent disturbance (Loidi, 2017).
Additionally, ruderal vegetation is dynamic in that it constitutes a rapid and local response to disturbances but also follows natural
ecological succession (Rivas-Martinez, 1978), a process which is important in urban landscapes in contrast to the adjacent rural
landscapes (Zipperer, 2011). Little is known about this type of process in urban habitats, but their understanding will shed light on the
measures to be applied in managing the transition to green cities.

Mediterranean urban ruderal vegetation (UV) includes a plethora of plant communities that are spatially distributed along soil
disturbance gradients due to anthropogenic pressures, and whose ecosystem benefits are only beginning to be known. Ruderal
vegetation in Mediterranean cities comprises mainly herbaceous annual or perennial vegetation (Dana et al., 2002; Molina, 2022) in
which graminoid communities are an important component (Rivas-Martinez, 1978). Our work focused on two types of ruderal
grasslands that are common in Mediterranean urban greenspaces, namely annual Mediterranean grasslands of Hordeum murinum and
Bromus sp. pl., hereafter annual grasslands, and perennial grasslands with Dactylis glomerata, hereafter perennial grasslands. Based on
field observations, perennial grasslands replace annual grasslands in the natural ecological succession (Fig. 1), although it is not yet
known how this process changes the ecosystem services of urban grasses. We hypothesize that ecological services such as the main-
tenance of plant biodiversity, soil water regulation and soil C storage will increase as the succession proceeds from annual to perennial
grasslands. Our specific objective was to compare plant diversity, soil physical-chemical features and soil enzyme activities between
these two types of habitats. Determining the ecosystem conditions and their associated ecosystem services at different successional
stages will make it possible to distinguish which stage has a better quality and should be promoted in urban greenspace management.
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Fig. 1. (A) Study area with sample plot locations. Blue circles represent perennial grasslands, orange circles annual grasslands. (B) Plant com-
munities in the study: general view and detailed view of perennial grassland dominated by Dactylis glomerata and annual grassland characterized by
Hordeum murinum subsp. leporinum and Bromus sp.pl., among others.
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2. Material and methods
2.1. Study area

We focused our study on the Ciudad Universitaria campus which is shared by different universities. It is located in a peri-urban area
in the NW of Madrid City, Spain (Fig. 2). This campus includes extensive greenspaces of open to semi-forested areas in which formerly
trees (mostly pines) have been planted since the 1940s after the Civil War, but whose main vegetation matrix is formed by herbaceous
ruderal vegetation (Molina, 2022). They are mostly managed by annual clearing and biennial ploughing. In previous studies on the
vegetation of the campus, both spontaneous annual and perennial grasslands were identified as extensive vegetation (Molina, 2022).
Due to the significant anthropogenic pressure suffered by the Ciudad Universitaria, the most common soil type in the study area
corresponds to Anthrosols, with the frequent appearance of artifacts at all depths of the profile (Quintana et al., 2022). The climate is
typically Mediterranean with a warm dry summer and a mild to cold and humid period from autumn to winter and spring.

2.2. Field procedure and sample collection

We compared the role of annual versus perennial grasslands in terms of the efficiency of their ecosystem services, assuming that
both types of grasslands indicate a different successional step from more pioneering (annual grasses) to more developed (perennial
grasses) stages. We selected six of these areas and floristically surveyed two paired plots of 1 m? each. One of the paired plots cor-
responded to annual grasslands and the other to perennial grasslands; hence, six plots of each vegetation type were studied. Field
sampling was carried out in May 2021. Spring is the period of maximum development of the two grass communities in the study. In
each plot, the cover of the plant species present was estimated as a percentage. Soil sampling was performed in the centre of each plot
after vegetation sampling. An unaltered soil sample was collected at each sampling point with a cylinder 5 cm in diameter and 5 cm
high, and the physical properties of the soils, namely bulk density (BD) and soil water holding capacity (WHC), were determined. Soil
samples from 0 to 10 cm deep were collected and divided into two subsamples. One subsample of each soil was refrigerated in the field
and kept at 4 °C until the analysis of the biological properties in the laboratory, and the other was air dried and used for the char-
acterization of the organic fraction.

2.3. Laboratory soil analysis

The total organic carbon (TOC) content was determined by wet oxidation following the method proposed by Walkley and Black
(1934). The soil organic matter was fractionated by acid hydrolysis with sulphuric acid in two successive steps (Rovira and Vallejo,
2000). This fractionation produced three organic matter fractions: labile pool I (LPI), consisting of polysaccharides of both plant and
microbial origin; labile pool II (LPII), cellulose; and recalcitrant pool (R), mainly lignin, but also suberins, resins, fats and waxes (Oades
et al., 1970; Rovira and Vallejo, 2007).

The biological activity of the soil was assessed by determining the activity of ten key enzymes involved in the functioning of the
main macronutrient cycles (C, N, P and S). Four enzymatic activities were used for the C cycle, three of them related to the metabolism
of labile C compounds (a-glucosidase — a-GLU —, b-glucosidase — b-GLU - and b-galactosidase — b-GAL -) and phenoloxidase — PHE —
activity related to the metabolism of recalcitrant C compounds. The functioning of the N cycle was characterized by the activities of
urease — URE —, N-acetylglucosaminidase - NAG — and N-arylamidase — AYRL-N —. Phosphatase - PHOS — and aryl-sulphatase — ARYL-S
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Fig. 2. Bulk density (BD) and soil water holding capacity (WHC) in perennial and annual grasslands. The significance in the difference between the
two community types was tested by Student’s t test. The asterisk marks a significant difference at the level of p<0.05. The p-value is shown when it
is close to a significance level of < 0.05. Error bars represent standard error (n = 6).
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— activities were analysed in relation to the P and S cycles respectively. Dehydrogenase activity — DH — was also determined to obtain
information about the activity of the soil microbiota. Enzymatic activities were determined following the ISO 20130 method (ISO,
2018), except for phenoloxidase activity, which followed the method of DeForest (2009), and dehydrogenase activity, which was
determined by the method of Schaefer (1963). All activities were measured on a TECAN NANOQUANT INFINITE M200 PRO
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Fig. 3. Total organic carbon (TOC); fractions of organic matter: labile pool I (LP-I), labile pool II (LP-II), and recalcitrant pool (R) and dehydro-
genase activity in perennial and annual grasslands. The significance in the difference between the two community types was tested by Student’s t
test. The two asterisks mark a significant difference at the level of p<0.01. Error bars represent standard error (n = 6).
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UV-visible spectrophotometer with a multi-well plate reader. The incubation of the samples was enhanced in a MEMMERT IN 55
incubator. The unaltered sample was used to determine the soil WHC and BD following the methodology proposed by the Soil Survey
Staff (2014) procedure.

2.4. Statistical analysis

Perennial and annual grasslands were floristically characterized by means of an agglomerative hierarchical classification per-
formed on the floristic dataset using the program JUICE 7.0 (Tichy, 2002). The b-flexible linkage method (b = 0.25) with Sgrensen
distance was chosen as algorithms for vegetation grouping. Percentage plant cover values were square-root transformed to reduce the
importance of dominant species. The main difference in the physiognomy of the communities was the high frequency and abundance
of the hemicryptophyte Dactylis glomerata in the perennial grasslands, and the high frequency and abundance of therophytes such as
Hordeum murinum subsp. leporinum, Plantago lagopus and Bromus rubens in the annual grasslands (Fig. 1; Table S1). We also performed a
Detrended Correspondence Analysis (DCA) to seek the length of gradient and thus the response of the plant species model. As the DCA
showed that the plant species cover had a linear response to the soil gradients, we performed a Redundance Analysis (RDA) to
determine the relationships between plant community composition and the characteristics of the soil on which they grow. We selected
the soil variables which showed significant differences between communities. These analyses were done in CANOCO 5.0 (Micro-
computer Power, Ithaca, NY, USA).

A Student’s t-test was performed to determine the differences in soil and vegetation variables between perennial and annual urban
grasslands. Prior to calculate Student’s t-test, the outlier values of each variable were detected and then discarded. Soil variables were
logarithmized, except in the case of the percentages of organic matter fractions, which were transformed to arcsine. Vegetation
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Fig. 4. Enzyme activities related to the C cycle. Alpha-glucosidase, beta-glucosidase, beta-galactosidase and phenoloxidase activity in perennial and
annual grasslands. The significance in the difference between the two community types was tested by Student’s t test. The two asterisks mark a
significant difference at the level of p<0.01. The p-value is shown when it is close to a significance level of < 0.05. Error bars represent standard
error (n = 6).
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variables were also transformed to arcsine since their raw values corresponded to percentages of coverage. Normality and homoge-
neity of variances were met. Statistical analyses were done using SPSS v.28 software.

3. Results
3.1. Soil physical properties and organic fractions

Student’s t test calculated for the soil physical properties showed that BD was significantly lower in soils under perennial (Fig. 2a)
than under annual grasslands. As can be expected the pattern was inverted for WHC, although in this case the differences, while not
significant, were very close to significance (p=0.051) (Fig. 2b).

Regarding soil C content, a significant difference between both communities was found (Fig. 3a). Soil TOC values under perennial
grasslands more than doubled compared with annual grasslands. No significant differences were observed between the labile or
recalcitrant fractions of the organic matter (Fig. 3b-d). However, the labile II fraction of the organic matter was slightly higher under
perennial grasslands and the recalcitrant fraction under annual grasslands. Dehydrogenase activity showed higher values in perennial
grasslands, although the fact that these differences were not significant is explained by the error between plots (Fig. 3e).

3.2. Soil enzyme activities related to C, N, P and S cycles

The key enzymes responsible for metabolizing labile C substrates, namely a-GLU, b-GLU and b-GAL, showed a tendency to increase
in soils developed under permanent grasses, and were close to significance in the case of b-GAL (Fig. 4a-c). The most evident dif-
ferences in the functioning of the C cycle were seen in PHE activity, an enzyme responsible for the degradation of recalcitrant C
substrates, which had higher significant values under the influence of annual grasslands (Fig. 4d).
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Fig. 5. Enzyme activities related to the N cycle. Urease, N-acetylglucosaminidase (NAG) and Aryl-amidase activity in perennial and annual
grasslands. The significance in the difference between the two community types was tested by Student’s t test. The asterisk marks a significant
difference at the level of p<0.05. Error bars represent standard error (n = 6).
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In relation to N cycling, ARYL-N, a key enzyme for the degradation of recalcitrant nitrogenous compounds, showed significantly
higher activity in annual grasslands with a similar behaviour to PHE (Fig. 5a). Neither URE, related to labile N compounds, nor NAG,
related to the degradation of chitin, which is part of soil entomofauna and the cell walls of fungi, showed significant differences
between the types of grasslands, although NAG was somewhat higher in perennial grass communities (Fig. 5b-c). Regarding P cycling,
no difference in PHOS activity between plant communities was found (Fig. 6a). In contrast, ARYL-S, a key enzyme in the degradation of
organic compounds with sulphur in the S cycling, showed higher significant activity under perennial grasses (Fig. 6b).

3.3. Plant diversity and ecological gradients

Student’s t test calculated for species richness showed that annual grasses had a significantly greater number of species compared to
perennial grasses (Fig. 7). Both communities displayed quite similar qualitative beta biodiversity indexes (the Simpson and Jaccard
index), although the scores were slightly higher in the case of perennial grasses (Table S1). The amount of variation in species
composition among the sampling units was higher in annual grasslands, as can be seen in the DCA diagram (Fig. 8).

The representation of the first two axes of the RDA using the 12 floristic samplings (including 45 plant species) and the five soil
variables which revealed significant differences between grassland types in the Student’s t test (BD, TOC, PHE, ARYL-N, ARYL-S)
showed a main and significant gradient related with higher PHE activity under the soil of annual grasslands characterized by Hordeum
murinum subsp. leporinum, Plantago lagopus and Bromus rubens, among others (Fig. 9). In contrast, soils under perennial grasslands,
characterized by an abundance of Dactylis glomerata, had a greater amount of organic matter.

4. Discussion
4.1. Ecosystem condition changes throughout the ecological succession

Ecosystem condition refers to the physical, chemical and biological condition or quality of an ecosystem (Maes et al., 2018). Since
ecosystem function is the capacity of natural processes to provide goods and services (de Groot et al., 2002), a better ecosystem
conditions a greater and better provision of ecosystem services, that is, the benefits that people obtain from ecosystems (TEEB, 2010;
SEEA-EEA, 2012). Urban environments create unique conditions in which the vegetation dynamics and ecosystem function must be
determined (Zipperer, 2011). Our work revealed significant changes in ecosystem functions on the ecological succession from annual
to perennial Mediterranean ruderal grasslands. In Mediterranean urban habitats, a higher soil BD has been related to soil compaction
and loss of soil organic matter (Molina et al., 2024). Since soil carbon sequestration impacts global climate change (Lal, 2004), UGs
management should be directed to supporting habitats and ecological processes that offer a substantial mitigation of climate change.
We found that permanent grasslands accumulated a greater amount of TOC in the soils, which would help mitigate the effects of
climate change to a greater extent than annual grasslands. In addition, there is likely more surface runoff and less infiltration as the BD
increases (Schueler, 2000). The increase in soil organic carbon storage also enhances soil porosity (Zhao et al., 2022). Thus, the
differences in the physical properties of the soil (WHC and BD) that we found between grassland types are probably linked to the higher
soil TOC content in perennial compared to annual grassland, and inversely correlated to soil BD, as occurs in Mediterranean grasslands
succession in natural ecosystems (Valverde-Asenjo et al., 2020; Molina et al., 2023b). This suggests that perennial grasslands also
improve the water regulation of urban green areas. These findings may be particularly interesting in Mediterranean areas where
climate change is expected to have an even a greater impact and precipitation is projected to decrease (Ali et al., 2022).
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Fig. 6. Enzyme activities related to the P and S cycles. Urease, phosphatase and arylsulfatase activity (mean =+ standard error) of perennial and
annual grasslands. The significance in the difference between the two community types was tested by Student’s t test. The asterisk marks a sig-
nificant difference at the level of p<0.05. Error bars represent standard error (n = 6).
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Fig. 7. Species richness in perennial and annual grasslands. The significance in the difference between the two community types was tested by
Student’s t test. The asterisk marks a significant difference at the level of p<0.05. Error bars represent standard error (n = 6).
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Fig. 8. Detrended Correspondence Analysis (DCA) ordination diagram of the entire data set. Eigenvalues and axis length for the four first axes
(DCA1, DCA2, DCA3, DCA4). Eigenvalues: 0.3980 (DCA1), 0.2529 (DCA2); 0.1032 (DCA3); 0.1319 (DCA4). Axis length: 2.4286 (DCA1), 1.5859
(DCA2); 1.3430 (DCA3); 1.0803 (DCA4). 1: perennial grasslands; 2: annual grasslands.

The soil microbiome in UGs shows a higher proportion of genes associated with faster nutrient cycling, and more intense abiotic
stress than natural environments (Delgado-Baquerizo et al., 2021). The significantly greater soil enzyme activity we found under
annual grasslands related to the metabolism of recalcitrant C and N compounds indicates that these soils had a lower content of labile
substrates —as our results also suggested—, and their microbiota needs to degrade recalcitrant substrates to maintain their activity.
The slight increase in NAG activity in perennial grasslands could be due to the greater presence of fungi in the rhizosphere of this type
of grasses. They also had greater — although not significant — DH activity, an indicator of soil microbiome activity. Soil chemical
properties such as soil organic carbon and certain enzyme activities such as ARYL-S are important indicators of soil quality and are
positively correlated (Teimouri et al., 2018). Our results supported this relationship and showed that ARYL-S activity was significantly
higher in soils under perennial grasslands, which also seems to indicate that soils under perennial grasslands have a greater availability
of sulphur as a macronutrient.

Mediterranean peri-urban grasslands have a higher species richness and diversity than other UGs (Giiler, 2020). Our results show
that annual grasslands maintained a greater species richness than perennial grasslands, and also had the highest plant diversity
compared to other ruderal Mediterranean plant communities including herbaceous annual and perennial vegetation (Molina et al.,
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2023a). The improved ecosystem condition in terms of biodiversity maintenance in the habitat characterized by annual grasslands is
contrasted with the improved ecosystem condition in soil carbon storage, water regulation and nutrient cycling in the habitat char-
acterized by perennial grasslands.

4.2. Ecological succession as a tool of greenspace management

The condition indicators for ecosystem attributes are based on spatial coverage and the configuration and state of the urban
greenspace and urban vegetation (Maes et al., 2018). Therophytes (annual plants) correspond to the dominant growth form in
Mediterranean flora (Mulroy and Rundel, 1977), including ruderal urban areas (Gavilan et al., 1993). The Mediterranean region is
typically subjected to prolonged drought (Mulroy and Rundel, 1977) and prone to extreme heat, so the flora has acquired an ability to
escape heat stress as seeds (Boyko et al., 2023). This inherent characteristic of Mediterranean grasslands makes them unappreciated to
residents and decision-makers who rate the appearance of Mediterranean grasslands as very low, although Mediterranean urban
grasslands can have high species richness, a very small percentage of alien species and a marked biogeographic linkage with the
natural vegetation of the wider landscape (Filibeck et al., 2016). A reduction in mowing has been considered a simple and effective tool
for increasing biodiversity in urban grasslands (Sehrt et al., 2020). However, under a Mediterranean climate a reduction in mowing,
and especially ploughing activity, probably activates the natural succession towards perennial grasslands and decreases biodiversity,
according to our results.

Urbanization reduces the regeneration potential of vegetation communities (Zhao et al., 2023). Passive restoration through natural
succession is a site-adapted and sustainable method for the greening of raw urban soils (Rebele and Lehmann, 2016). In our study we
found that natural succession from annual to perennial grasslands increased most of the ecological functions, namely soil carbon
storage, soil water regulation and nutrient cycling. Only biodiversity maintenance decreased. Since Mediterranean grasslands harbour
significant levels of plant biodiversity (Alrababah et al., 2007), leaving some areas under the current management would help to
preserve biodiversity in urban greenspaces under a Mediterranean climate.

5. Conclusions

A higher state or level of ecosystem condition caused by natural regeneration or restoration leads to significant improvement
thanks to decreasing pressure or increasing condition indicators (Furopean Commission, 2014). In the Mediterranean urban green-
spaces, the ecosystem services provided by the soils developed under perennial grasslands were of better quality than those under
annual grasslands, since they had lower bulk density, improved water regulation and accumulated a greater amount of C — mitigating
the consequences of climate change — and a higher soil enzyme activity, degrading labile macronutrients such as arylsulfatase. In
contrast, annual grasslands supported a higher number of plant species than perennial grasslands. In addition, the activity of phe-
noloxidase and arylamidase enzymes were higher in soils under annual grasslands, indicating a greater need to degrade recalcitrant C
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and N compounds to maintain their biological activity. We conclude that natural succession should be left to act in urban greenspaces
since it improves ecosystem services such as carbon storage and water regulation. Management in certain areas, preferably through
ploughing every few years, will preserve the occurrence of annual grasslands and hence contribute to maintaining a higher
biodiversity.
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