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Abstract:



The Mediterranean climate is principally characterized by warm, dry summers and cool, wet winters. However, there are large variations in precipitation dynamics in regions with this climate type. We examined the variability of precipitation within and among Mediterranean-climate areas, and classified the Mediterranean climate as wet, moderate, or dry based on annual precipitation; and strongly, moderately, or weakly seasonal based on percentage of precipitation during summer. Mediterranean biomes are mostly dry (<700 mm annually) but some areas are wet (>1300 mm annually); and many areas are weakly seasonal (>12% of annual precipitation during summer). We also used NOAA NCDC climate records to characterize interannual variability of annual and dry-season precipitation, as well as trends in annual, winter, and dry-season precipitation for 337 sites that met the data quality criteria from 1975 to 2015. Most significantly, sites in many Mediterranean-climate regions show downward trends in annual precipitation (southern California, Spain, Australia, Chile, and Northern Italy); and most of North America, the Mediterranean basin, and Chile showed downward trends in summer precipitation. Variations in annual and summer precipitation likely contribute to the high biodiversity and endemism characteristic of Mediterranean-climate biomes; the data indicate trends toward harsher conditions over the past 40 years.
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1. Introduction


Climate is among the most fundamental features that define the human–natural system [1]. Patterns of temperature and precipitation influence biotic community composition and structure [2,3,4,5], as well as the extent of feasible human development and the water resource development necessary to meet human needs [6,7,8]. Precipitation variability is also important for defining human–natural systems: differences in annual precipitation and seasonal variability from one year to the next characterize the capacity to sustain ecosystems and associated provisioning, regulating, and supporting services across the years and in the long term [6]. Further, changes in these patterns can cause fundamental shifts in the capacity for ecosystems to re-organize to preexisting steady states (resilience) [9], and can also influence water resource planning for human development [10].



Precipitation and temperature are factors commonly utilized to define climate zones [11,12]. For example, ecosystems of the Mediterranean biome commonly experience cool wet winters and warm dry summers, meaning that precipitation is distributed during the cooler half of the year, with generally mild rather than cold winter temperatures; summers are typically dry [13]. These regions also typically receive more than 12 inches (300 mm) of precipitation annually, distinguishing them from arid regions [14]. The Mediterranean biome and its associated temperate dry-summer climate type is located on every inhabited continent, including the portions of Europe, Africa, and Asia surrounding the Mediterranean Sea (and extending eastward through southern Turkey and northern Syria); central coastal Chile (on the west side of South America); the west coast of North America (stretching from northern Mexico into Canada); the west-facing southern coast of Australia; and the southwestern end of South Africa [15]. These regions are typically located at latitudes between 30 and 40 degrees, on the western edge of the continent [16]. Precipitation is strongly influenced by orographic effects through most areas [17,18,19]



The seasonality of precipitation is considered the main factor influencing terrestrial and aquatic ecosystems of the Mediterranean biome [16]. This distinct climate pattern tends to result in high species richness and endemism [20,21]. Terrestrial plants have adapted to the long summer dry season by developing sclerophyllous foliage and drought-adapted root growth [22]. In aquatic ecosystems, the prolonged dry season leads to reduced summer streamflow, which causes a shift in ecosystem composition from organisms that are well-suited to lotic (i.e., flowing) environments to those well suited to lentic (non-flowing) ones [23,24]. Interannual variability of climate can produce varying flow conditions by the conclusion of the dry season (either flowing or intermittent), which can also cause differences in community composition and structure from one year to the next [25,26]. Spatial analyses have suggested that the distribution of areas having Mediterranean climate characteristics will change with changing global climate dynamics [15], and the persistence of Mediterranean-climate ecosystems are at risk from the increased variability and shifts in precipitation and temperature patterns expected with climate change [27,28].



Seasonality of precipitation also influences the patterns of human development. Because of the seasonal divergence between when water is most needed and when it is most available (especially related to agricultural water needs), Mediterranean-climate areas often need high levels of water infrastructure to meet human water demand. Spain has more water stored in large dams per volume runoff than any other country in Europe [29]. Large dams are also common among the rivers of the west coast of the United States, especially among the Sacramento–San Joaquin and the Columbia River drainage networks [30,31] (though both of these river systems obtain much of their discharge from mountainous areas that receive heavy winter snowfall). Large reservoirs are also found in the Murray–Darling basin, with its outlet on the southern coast of Australia southeast of Adelaide [32]. In some cases, small reservoirs are ubiquitous across the landscape [33].



Conceptually, the characteristics of the dry-summer climate and the Mediterranean biome are similar. The temperate dry-summer climate (Koppen type Cs) is characterized by a combination of moderate temperature and a dry summer season (e.g., the amount in the wettest month compared to amount in the driest month [11,12]); plants and animals in the Mediterranean biome have developed physiological, morphological, or behavioral adaptations to withstand dry-season conditions [23]. However, despite this relatively well-accepted concept of the Mediterranean climate and its effects on biota, there is a discrepancy between regions with dry summers and the Mediterranean biome. For example, on some continents, the Cs (moderately dry summer) climate type extends far beyond areas demarcated as the Mediterranean biome; and on others, the Mediterranean biome extends beyond the Cs climate type. Researchers may use the term “Mediterranean climate” interchangeably with the Koppen type Cs [10,13], but differences in biome classification across the Cs climate type suggest that hydrologic variations within the Cs climate type may lead to dissimilar ecological communities. Further, high biodiversity and endemism within and among Mediterranean biomes suggest that climatic conditions may also be highly variable within and among these regions. Additional analysis to articulate the specific climatic characteristics of the Mediterranean biome can help researchers to better characterize the extent of dry summer faced by terrestrial and aquatic organisms adapted to these regions, as well as the water management challenges necessary to support urban and agricultural development.



Changes in climate conditions through the 21st Century are expected to alter the amount and distribution of Mediterranean-type ecosystems. Research has indicated that climate and associated hydrologic processes (such as streamflow production) have already begun to change in some parts of the world, including significant downward trends in precipitation in parts of India [34] and New Zealand [35], as well as downward trends in dry-season streamflow and upward trends in peak streamflow in parts of the United States [36,37,38,39,40]. If temperate dry-summer climate zones are undergoing changes in climate variables—such as increased or decreased annual precipitation—these changes could already be causing shifts in ecological community composition and structure.



The purpose of this paper is to examine in more detail the temperate dry climate relative to the Mediterranean biome to address two broad questions: (1) can we better describe the climate characteristics of places with Mediterranean biome beyond the temperate dry-summer Cs classification, through patterns of annual precipitation, seasonal precipitation, and variability; and (2) are temperate dry-summer regions (including, but not exclusively, the Mediterranean biome) shifting toward wetter or drier conditions? These questions are fundamentally interrelated because articulation of the Mediterranean biome climate characteristics (as well as surrounding areas with dry summer climate) coupled with analysis of trends in annual and dry-season precipitation can help predict those regions where ecological changes may be underway, causing deviations from (or outside of the biome, deviations toward) the adaptations of organisms in the Mediterranean biome. These analyses may also be useful for water managers looking to understand whether recent multi-decadal precipitation trends resemble expected near-term climate predictions.




2. Methods


2.1. Climate of the Mediterranean Biome


To more clearly identify the climate characteristics of the Mediterranean biome (and identify differences in biomes within places with a temperate dry-summer climate), we first identified places with temperate dry-summer climate that meet an annual precipitation threshold using the WorldClim dataset. The WorldClim dataset is a high-resolution spatial climate dataset with detailed information characterizing the precipitation and temperature at monthly intervals for the globe at the 30 arc-second (approximately 1 km2) scale, based on 30 years of data (1960–1990) from climate stations across the globe [41]. Using average monthly precipitation and temperature data from the 30-year WorldClim dataset, we identified regions with temperate dry-summer characteristics as those having:

	
Mean annual precipitation greater than 300 mm (suggesting at least semiarid conditions) [14].



	
More than 50% of the mean annual precipitation occurring during the cool half of the year, from mid-fall through winter to mid-spring (which we abbreviate FWS). For dry-summer climate areas, we defined the FWS period as the wetter of either October–March or November–April in the northern hemisphere; and either April–September or May–October in the southern hemisphere.



	
Less than 20% of the mean annual precipitation occurring during the summer three months. For each of the five Mediterranean-climate areas, we defined the summer period as the drier of either June–August or July–September in the northern hemisphere; and either December–February or January–March in the southern hemisphere.



	
Mean coldest-month temperature is greater than 0° Celsius (indicating a likelihood of precipitation predominantly occurring as rainfall rather than snowfall).








These criteria identify those areas that are not arid, have mild winter temperatures, receive the majority of their annual precipitation during FWS, and have at least slightly dry summers. The criteria were designed to be generous in identifying areas as having a dry-summer climate: the two conditions of seasonality (50% of the average annual precipitation occurring during FWS and less than 20% of precipitation during summer) are not particularly strong, and we did not identify a maximum annual precipitation. This allowed us to examine similarities and differences over a broader range of areas than may typically be considered as having a dry-summer climate (for example, the area including Barcelona, which is in the Mediterranean biome but does not fit the Koppen Cs criteria). For those regions that meet the four climate criteria listed above, we mapped differences in three characteristics: (1) mean annual precipitation; (2) the percentage of precipitation occurring during the FWS half of the year; and (3) the percentage of precipitation occurring during the (three-month) dry-summer season. (Maps of these features for the five temperate dry-summer regions appear in the Supplementary Materials, Figures S1–S5.)



To describe climate characteristics associated with the Mediterranean biome, we classified two variables—mean annual precipitation and percentage of annual precipitation during summer—into three categories (Table 1). This resulted in nine regions identified as either wet, moderate, or dry in terms of mean annual precipitation, and either strong, moderate, or weak seasonality with respect to the percentage of annual precipitation during summer. We overlaid the Mediterranean and surrounding biome boundaries as defined by the World Wildlife Federation and the Nature Conservancy [42,43] onto moderate dry-summer areas identified as one of nine categories in Table 1; and using spatial analytical tools in ArcMap, we quantified the percentage of the Mediterranean biome falling into each climate category. We also quantified those areas within the Mediterranean biome identified as not meeting the threshold of annual precipitation (i.e., less than 300 mm), and not meeting the threshold of seasonality (i.e., greater than 20% during the dry summer or less than 50% during FWS).



Table 1. Division of average annual precipitation and percentage of annual precipitation in summer (seasonality) into three groups, giving nine categories of precipitation and seasonality. (Color codes in Table 1 correspond to combination of annual precipitation and summer seasonality in Figures 1,2,4,6–11.)







	
Precipitation:

	
Seasonality: Percentage of Precipitation in Summer




	
Mean Annual Rainfall

	
Strong: <5%

	
Moderate: 5%–12%

	
Weak: 12%–20%






	
Dry climate: <700 mm

	
Dry climate/Strong seasonality

	
Dry climate/Moderate seasonality

	
Dry climate/Weak seasonality




	
Moderate climate: 700–1300 mm

	
Moderate climate/Strong seasonality

	
Moderate climate/moderate seasonality

	
Moderate climate/weak seasonality




	
Wet climate: >1300 mm

	
Wet climate/Strong seasonality

	
Wet climate/Moderate seasonality

	
Wet climate/Weak seasonality











2.2. Interannual Precipitation Variability and Trends


We used site-specific historical precipitation records measured at locations within our moderate dry-summer areas (based on the WorldClim data calculations described above) to evaluate variability and trends of precipitation characteristics. The majority of precipitation data were obtained through NOAA’s National Climatic Data Center (NCDC, either through its Global Historical Climatology Network or Climate Data Online), which has historical precipitation data available for approximately 29,000 sites across the globe [44,45]. All sites within our defined climate criteria were reviewed for duration of gauge operation; those sites with more than 20 years of record were further reviewed to evaluate the quality of the data. (Sites were further divided by duration of more or less than 30 years in analytical procedures as described below.) NCDC precipitation datasets frequently have periods when data are omitted; these omission periods may be as brief as one or a few days, or as long as several years (or even decades). Additionally, datasets commonly have days when the data are erroneous (entered as 99.99 in NCDC datasets). Precipitation values other than 99.99 were assumed to be accurate. Among those sites with more than 20 years of record, we evaluated the sum of these two data errors (i.e., omitted and erroneous) and selected those datasets with no more than 5% combined error over at least 20 continuous years of operation between 1975 and 2015 (Tables S1–S5). Because this resulted in a low number of sites among locations in the southern hemisphere, we supplemented the NCDC data with data available online from the Australian Bureau of Meteorology (indicated in Table S1) and the Dirección Meteorológica de Chile (indicated in Table S5). Precipitation data from these sources were selected for further analysis if they met the same quality control criteria as the NCDC data.



2.2.1. Interannual Variability


We used site-specific data to compare the interannual variability of mean annual precipitation and summer precipitation percentage relative to our nine climate regions. For each site, we calculated the annual precipitation and precipitation during the dry-summer season for each year; and then the percentage of precipitation occurring during the dry summer. We then calculated the coefficient of variation (often described as the relative standard deviation) of annual precipitation and annual percentage of summer discharge for each site. The coefficient of variation (CV), defined as the ratio of the standard deviation of the dataset to its mean, is particularly informative because it depicts the distribution of data relative to its magnitude, thus making it a useful tool to compare distributions among datasets with different magnitudes [46]. We mapped the CV of annual precipitation and percentage of summer precipitation onto our maps of nine climate regions (from Section 2.1) to examine whether the magnitude of annual or summer precipitation CV corresponded with characteristics of annual precipitation or strength of summer precipitation seasonality.




2.2.2. Interannual Trends in Annual Precipitation, Winter Precipitation, and Summer Precipitation; and Variability


We used the Mann–Kendall non-parametric trends test to determine whether annual precipitation, percentage of winter precipitation, and percentage of summer precipitation have been undergoing a statistically significant upward or downward trend at each site over recent decades. The Mann–Kendall trends test is particularly advantageous for hydrologic datasets because it is not dependent on normally distributed data; it tests whether data show an upward trend as well as a downward trend through a sequential dataset (e.g., over a period of years [47,48]. An upward or downward trend in mean annual precipitation indicates that the site is receiving more or less precipitation, respectively, over time. An upward trend in percentage of precipitation in summer indicates weaker seasonality (with summer becoming more wet) over time; and a downward trend in summer percentage indicates stronger seasonality. An upward trend in percentage of FWS precipitation is another indicator of stronger seasonality, whereas a downward trend indicates weaker seasonality (this variable has implications for aquatic ecosystem persistence discussed further below). Additionally, we conducted a Mann–Kendall analysis of variability in annual, percentage FWS, and percentage summer precipitation as the absolute value of the difference of each year’s value from the overall mean. An upward trend in variability indicates a greater difference between the variable and the mean over time.



Trends were identified as significant either at α = 0.05 or α = 0.1. Because multiannual cycles (e.g., ENSO) and events (e.g., long-term drought) have the potential to influence precipitation over periods greater than a decade [38,49], we distinguished those sites with between 30 and 40 years of quality-checked record from those with between 20 and 30 years of quality-checked record.






3. Results


3.1. Climate of the Mediterranean Biome


The Mediterranean biome generally fits within the climate characteristics described above (precipitation more than 300 mm annually, less than 20% during the summer dry season, less more than 50% during the winter half of the year), though portions of each region do not fit these criteria (Figure 1). Many of the areas that do not meet our criteria are arid, receiving less than 300 mm annually, including the Regiòn de Atacama in northern Chile, the Central Valley of California and Mexico’s Baja Peninsula, and the Saharan Atlas Range (as well as parts of Australia and South Africa; Figure 1). Other portions of the Mediterranean biome are not adequately seasonal to meet our criteria (i.e., more than 20% of precipitation during the three summer months), including parts of South Africa (the eastern part of West Cape and western part of East Cape), Australia (southern New South Wales), and Europe (Northeastern Spain and Italy). The Mediterranean biome also does not always match the Koppen–Geiger dry-summer Cs climate type.


Figure 1. Areas with a dry-summer climate characterized as either dry, moderate, or wet with respect to mean annual precipitation and either weakly, moderately, or strongly seasonal in terms of percentage of summer precipitation; along with the Mediterranean biome and Koppen–Geiger (KG) dry-summer climate type Cs. (Areas without color receive less than 300 mm annually.)



[image: Water 09 00259 g001]






Areas with a Mediterranean biome vary with respect to mean annual precipitation and percentage of precipitation during summer. In North America, the Mediterranean biome is almost entirely within our dry category (less than 700 mm), mostly with strong seasonality (Figure 1, Table 2). The Mediterranean biome of North America also includes smaller areas that receive more precipitation (more than 700 mm annually) around the San Francisco and Monterey Bays and the foothills of the Sierra Nevada Range; as well as areas that are dry and moderately seasonal (the mountains east of Los Angeles and San Diego) and, farther south, dry and weakly seasonal. In South America, most of the Mediterranean biome (63%) receives less than 300 mm annually (Table 2). Those areas within the biome that receive more than 300 mm vary with latitude, including drier and more strongly seasonal areas to the north and wetter moderately seasonal areas to the south (Figure 1).



Table 2. Percentage of biome in each region categorized as dry, moderate, or wet with respect to average annual precipitation; and weakly, moderately, or strongly seasonal with respect to percentage of annual precipitation in summer; along with percentage that is very dry (less than 300 mm annually) and percentage that is not seasonal (more than 20% or annual precipitation during summer).







	
Climate Category (Precip, Seasonality)

	
Australia

	
Med Region

	
North America

	
South America

	
South Africa






	
Biome area, km2

	
779.600

	
2,051,900

	
192,800

	
148,000

	
96,600




	
Dry, weak, %

	
38.6%

	
11.1%

	
2.4%

	
none

	
14.9%




	
Dry, moderate, %

	
17.4%

	
20.3%

	
4.4%

	
0.2%

	
19.4%




	
Dry, strong, %

	
0.8%

	
19.4%

	
52.4%

	
13.2%

	
0.0%




	
Moderate, weak, %

	
0.5%

	
2.3%

	
0.1%

	
none

	
0.7%




	
Moderate, moderate, %

	
4.3%

	
8.2%

	
0.2%

	
5.3%

	
5.6%




	
Moderate, strong, %

	
1.7%

	
6.1%

	
10.5%

	
10.9%

	
0.0%




	
Wet, weak, %

	
None

	
0.1%

	
None

	
None

	
None




	
Wet, moderate, %

	
None

	
0.3%

	
None

	
7.9%

	
None




	
Wet, strong, %

	
None

	
0.05%

	
None

	
None

	
None




	
Very dry (<300 mm), %

	
29%

	
19%

	
26%

	
63%

	
21%




	
Not seasonal, %

	
8%

	
13%

	
4%

	
0%

	
38%










The majority of the Mediterranean biome in Australia is dry and either weakly or moderately seasonal (Table 2); only a small portion of the biome in Australia along the southwestern coast is strongly seasonal (Figure 1). A large portion of the South African Mediterranean biome does not meet our criteria for seasonality (indicating that more than 20% of mean annual precipitation occurs during the summer season); no parts of South Africa are strongly seasonal. The majority of the Mediterranean biome around the Mediterranean Sea is dry (300–700 mm annually; Table 2); 17% is moderate with respect to precipitation (700–1300 mm) and a small portion (0.5%) is wet (along the Adriatic Sea). Those areas that are strongly seasonal tend to be north-facing (parts of coastal northern Africa) or west-facing (southern Spain, Greece, Turkey, southwest Asia; Figure 1). Based on the WorldClim spatial dataset, the Mediterranean biome around the Mediterranean Sea is the most diverse with respect to annual precipitation and seasonality, compared to other regions: including small areas on the east coast of the Adriatic Sea that are wet (where precipitation exceeds 1800 mm annually), it includes all nine categories of annual precipitation and seasonality we define in this study.



On most continents, large portions of the dry-summer climate areas extend beyond the Mediterranean biome. Portions of the west coast of North America that receive less than 5% of the annual precipitation during the summer extend north into Oregon; western Washington and Vancouver Island receive less than 12% of annual precipitation during summer (Figure 1). Spatial patterns of annual precipitation and seasonality are similar in Chile, where areas farther from the equator and beyond the Mediterranean biome are relatively dry in summer and receive more precipitation annually than closer to the equator. Parts of Tasmania also are dry in summer and receive more precipitation than in the Mediterranean biome of Australia. In the region surrounding the Mediterranean Sea, areas with a dry summer and more than 300 mm precipitation annually extend east into northern Iraq and western Iran; and around the southern and southeastern Caspian Sea.




3.2. Interannual Variability


The Coefficient of Variation (CV) for annual precipitation, which characterizes variability of total precipitation over a defined period, is also different within and among Mediterranean-climate areas. Within the greater Mediterranean region, areas with stronger seasonality (southern Spain and Portugal, Morocco, Gibraltar, Crete, southwest Asia) tend to have higher annual precipitation CV than areas with weaker seasonality (though northern Italy and Sicily have high CV and weak or moderate seasonality; Figure 2). Annual precipitation CV in North America is generally greater in the south than the north, even within areas of similar climate category—for example, annual precipitation CV is greater in the dry strongly seasonal southern California coast than the dry strongly seasonal central coast or Sacramento Valley. CV is less in areas that are wet or moderately wet. CV of annual precipitation is consistently lower in Australia and South Africa compared to other regions; and lower among sites along the coast of South Africa than inland. Among the few sites in South America, annual precipitation CV is variable and shows no distinct relationship with precipitation category or other geographical gradients (e.g., coastal/inland, north/south). In all regions, annual precipitation variability is greatest among sites that are dry and strongly seasonal, and are low in places that are wet and in places that are weakly seasonal (Figure 3). (CV data also appear in Tables S1–S5.)


Figure 2. Annual precipitation Coefficient of Variation (CV) based on site-specific data in regions with a moderate dry-summer climate (where climate records met the standards described in Section 2.2, above).
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Figure 3. Magnitude of annual precipitation Coefficient of Variation among sites sorted by climate category (dry, moderate, or wet with respect to annual precipitation; strongly, moderately, or weakly seasonal with respect to percentage of summer rainfall) and region.
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The interannual variability of summer season precipitation is also highly variable within and among Mediterranean-climate areas. Summer precipitation CV is low among all sites in South Africa and Australia, compared to North America and the Mediterranean region; and low among most of the South America sites (Figure 4). In the greater Mediterranean region, summer precipitation variability is greatest through the southern portion, from Morocco and Spain, to Sardinia and Sicily, to western Turkey. Within North America, summer CV is higher to the south than to the north. Among all regions, strongly seasonal areas (indicating very low summer precipitation on average) have greater summer precipitation CV than areas with weaker seasonality (Figure 5).


Figure 4. Percentage of annual precipitation during summer Coefficient of Variation (CV) based on site-specific data in regions with a moderate dry-summer climate (where climate records met the standards described in Section 2.2, above).
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Figure 5. Magnitude of summer precipitation percentage Coefficient of Variation among sites sorted by climate category (dry, moderate, or wet with respect to annual precipitation; strongly, moderately, or weakly seasonal with respect to percentage of summer rainfall) and region.
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3.3. Trends


3.3.1. Annual Trends


Trends in annual precipitation since 1975 vary between areas with dry summer climates. Most Australia sites show declining precipitation trends, although two sites in South Australia west of Spencer Gulf are anomalous indicating upward trends (Figure 6). Annual precipitation trends are also spatially variable in North America and South America. Among sites showing trends, precipitation has declined in recent decades in the southern portion of dry strongly seasonal North America (central and southern California); and in South America, sites closer to the coast show downward trends compared to those inland. Among sites in South Africa, most that show trends in annual precipitation indicate less precipitation over time (especially inland). Trends in annual precipitation in the Mediterranean region are also spatially variable. Sites in general show downward trends in Spain, southern France, and northern Italy; and increasing trends in northern Africa. Sites showing trends in central and southern Italy and east of the Aegean Sea are less spatially sorted, with sites indicating upward trends near sites indicating downward trends. Almost all sites in moderately wet and wet areas (those with more than 700 mm annually), with more than 30 years of recent data, show downward trends (with exceptions in North Africa and Crete). Most sites with upward trends in annual precipitation are located in dry areas (300–700 mm annually).


Figure 6. Annual precipitation trends, 1975–2015 (sites distinguished between those with 20–30 and 30–40 years of record), in areas with a dry summer climate; significance at α 0.05 and 0.1.
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Trends in annual variability, indicated by change in the magnitude of deviation from the mean over the period of record, are also generally sorted spatially. Among those sites that indicated trends in Australia, variability in Western Australia, New South Wales, and Victoria is increasing; and decreasing among sites in South Australia (Figure 7). Trends in annual variability among sites in North and South America were also spatially sorted but less consistent. Two sites in wet weakly seasonal South America indicated a downward trend in annual precipitation variability, while other sites showed no trend. In North America, only those sites in California show trends in annual precipitation variability at α = 0.05 or 0.1; most (but not all) trends are downward, indicating less variation from the mean over time. Most Mediterranean region sites show no trends in annual precipitation variability; significant upward trends in annual variability are located in Italy, while most showing downward trends in annual variability are east of the Aegean Sea. (All trends results also appear in Tables S1–S5.)


Figure 7. Annual variability trends, 1975–2015 (sites distinguished between those with 20–30 and 30–40 years of record), in areas with a dry summer climate; significance at α 0.05 and 0.1.
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3.3.2. FWS Trends


Trends in FWS precipitation in Australia mirror annual precipitation: sites with statistically significant trends show decreasing trends since 1975 (Figure 8). However, a few sites that indicate no trends in annual precipitation (such as those in inland Western Australia) indicate downward trends in FWS precipitation. FWS precipitation trends in North America and South America also mostly follow trends in annual precipitation. FWS precipitation in central and southern California is generally decreasing (with two sites in the Sacramento Valley showing upward trends); sites with trends north of California vary (though most show no trends). FWS precipitation trends among sites in South America are also similar to annual trends, although two sites that indicate downward trends in annual precipitation indicate no trend in FWS precipitation. FWS precipitation trends in the Mediterranean region also vary over space. Similar to annual trends, FWS precipitation trends in northern Africa are generally upward; and trends in Italy and east of the Aegean Sea differ by location. Overall, fewer sites across the region indicate a downward trend in FWS precipitation compared to annual precipitation trends; more show no trend.


Figure 8. FWS precipitation trends, 1975–2015 (sites distinguished between those with 20–30 and 30–40 years of record), in areas with a dry summer climate; significance at α 0.05 and 0.1.
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Trends in FWS precipitation variability were similar to trends in annual precipitation variability in some regions, but different in other regions: most notably, those sites in Victoria and New South Wales that showed increasing annual precipitation variability showed no trends in FWS precipitation variability (Figure 9). Trends in FWS variability among sites in North America and South America were almost all downward (though many sites showed no trends). Like North America and South America, trends in FWS precipitation and FWS variability among sites in South Africa are similar to annual trends, with precipitation among inland sites decreasing and coastal sites increasing. More sites show a decreasing trend in FWS precipitation variability; only one in North America with more than 30 years of record shows an increasing trend in FWS variability. FWS precipitation variability is similar to annual variability trends: increasing through most of Italy and Mediterranean islands (Sicily, Corsica, Crete), and decreasing through western Turkey.


Figure 9. FWS variability trends, 1975–2015 (sites distinguished between those with 20–30 and 30–40 years of record), in areas with a dry summer climate; significance at α 0.05 and 0.1.
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3.3.3. Summer Trends


Trends in summer precipitation vary among the five regions. In Australia, summer precipitation shows an upward trend among most sites in South Australia; almost all sites in Western Australia, New South Wales, and Victoria show no trends (Figure 10). Summer precipitation trends in North America are almost all downward, from southern California through Washington. All trends in summer precipitation in South America are downward. Trends in summer precipitation through the Mediterranean region are also mostly downward, especially in Spain, Italy, and the islands south of the Aegean Sea. Sites in places including northern Africa, Sicily, Crete, and the Balkans, as well as South Africa, do not show the same declining trends in summer precipitation as elsewhere in the region.


Figure 10. Summer precipitation trends, 1975–2015 (sites distinguished between those with 20–30 and 30–40 years of record), in areas with a dry summer climate; significance at α 0.05 and 0.1.
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Sites with trends in summer precipitation variability are not as common as those with trends in summer precipitation. In Australia, only a few sites in Western Australia (increasing) and two sites in South Australia and Victoria (decreasing) show trends in summer precipitation variability (Figure 11). In South America and South Africa, only a few sites in each region show summer variability trends. In North America and the Mediterranean region, several sites show trends in summer precipitation variability; but those trends do not show the same geographic distribution of trend direction as summer precipitation patterns.


Figure 11. Summer variability trends, 1975–2015 (sites distinguished between those with 20–30 and 30–40 years of record), in areas with a dry summer climate; significance at α 0.05 and 0.1.
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4. Discussion


4.1. The Mediterranean Climate as a Function of Annual Precipitation and Seasonality


The results presented above indicate a wide range of annual and seasonal precipitation conditions among the five locations associated with a Mediterranean biome. Though the majority of the Mediterranean biome in the Mediterranean region falls into our category of dry (between 300 and 700 mm precipitation annually), parts are moderate and a small fraction (the east coast of the Adriatic Sea) is wet. The Mediterranean biome of Chile is the only other area to have this diversity of annual precipitation; the Mediterranean biomes of North America, Australia, and South Africa receive less than 1300 mm annually throughout. The Mediterranean region also has the most even distribution of seasonality, with at least 10% strongly, moderately, and weakly seasonal. Most of the Mediterranean biomes of North America and South America are either strongly or moderately seasonal; in Australia and South Africa, most are moderately and weakly seasonal. While many features have been proposed as attributing to the high species diversity in Mediterranean biomes, including landscape heterogeneity, general trends in seasonality, juxtaposition relative to other climate types, and geological history [16], the wide range of climate conditions within the biome likely also plays a role in biodiversity. Areas within the Mediterranean biomes of the Mediterranean region and Chile exhibit the greatest range of annual precipitation, from as little as 100 mm (including the Atlas Mountains and Atacama region within in the Mediterranean biome) to more than 1800 mm. Further, our results indicate that some parts of Mediterranean biome areas are weakly seasonal; others even receive more precipitation in summer than in other seasons.



Attempts to characterize Mediterranean biomes by climatic or geophysical features are few, typically having been either very complex (e.g., agro-bioclimatic classifications including several variables and subcategories) [50] or simplistic with respect to geography (e.g., dividing the Mediterranean region into four quadrants) [51] or climate (e.g., as Koppen-based subcategories on warm, moderate, or cool summer temperatures) [12]. Others have classified ecosystems within subregions [52]. Homogenization of the Mediterranean biome as one climate type may overlook the opportunity to identify potential region-wide, climate-driven causes of observed variations in aquatic or terrestrial ecosystems among Mediterranean biomes. Terrestrial ecosystems are generally adapted to a warm dry season [20] and aquatic ecosystems adapt to the flooding and drying characteristic of streams that have a storm-driven rainy season and then a long dry season [24]; but differences in ecological communities within and among Mediterranean biomes may be driven by nuanced differences in climate and topography [53]. Equally important, the threats to conservation within the ecosystems of the Mediterranean biome [54,55] may be oversimplified if the biome is assumed to be uniform. Climate differences influence the magnitude of stress placed on ecosystems by human development [56]; for example, conflicts between human water demands and aquatic ecosystems will likely be different in places that receive over 1000 mm of precipitation annually than in places that receive less than 500 mm.



Our results indicate that the climate of the Mediterranean biome (and thus the Mediterranean climate) can be any combination of our annual precipitation and seasonality categories, as well as two additional categories we did not initially classify: very dry conditions (less than 300 mm annually) and non-seasonal (more than 20% of annual precipitation during summer). Based on climatic variables of average annual precipitation and summer seasonality, we propose a classification of the Mediterranean climate according to the nine categories outlined in Table 1, plus the additional categories of very dry and non-seasonal. These two additional categories comprise large portions of some Mediterranean biomes, including Chile’s Region de Atacama, the southern Central Valley of California and southern Atlas Mountains (very dry), and western part of East Cape, South Africa, and northeastern Spain (non-seasonal). The areas within Mediterranean biomes identified as “non-seasonal” fit into our dry category (300–700 mm annually): despite receiving more than one-quarter of the annual precipitation in summer, they may have Mediterranean-type ecosystems because annual precipitation is low.



This classification system may help to explain differences in biodiversity among regions with a Mediterranean biome: for example, despite being much smaller in area, Chile may have higher biodiversity than Australia because average annual precipitation ranges from 100 mm in the north, to more than 2000 mm in the south. Seasonality may also have biodiversity implications: biota in areas with moderate precipitation and strong seasonality may be better adapted to very dry summer conditions than areas with moderate precipitation and weak seasonality. This classification system may also be useful in applying to other areas with similar climatic characteristics beyond the Mediterranean biome. For example, the valleys of Oregon and coastal California north of the Mediterranean biome receive similar precipitation annually as the wet portions of Chile and the Mediterranean region; and have stronger seasonality (receiving less precipitation in summer) than Chile. These areas have a wet/strongly seasonal or moderate/strongly seasonal Mediterranean climate type; other factors such as latitude, topography, and geology may deter the presence of Mediterranean-type ecosystems.




4.2. Interannual Variability


The interannual variability of annual precipitation indicates that some areas have more consistent precipitation than others. Among areas oriented east–west, annual precipitation in Eastern Australia and the eastern portion of the Mediterranean region is more consistent from one year to the next (i.e., lower CV) than in western parts of each area. Annual precipitation is especially variable in the coastal areas of southern Spain, southern France, and western Italy, where infrequent torrential rainfall likely plays a role in long-term annual precipitation patterns [57]. Among areas oriented north–south, variability in North America is especially high in southern California and is generally greater along the coast than inland; while in Chile, sites with high annual variability are located throughout the area. This variability in North America may be a result of el Niño/Summer Oscillation cycles, which can result in either very heavy winter precipitation or very low winter precipitation [58]; occasional high precipitation in southern California may disproportionally affect the temporal distribution of annual precipitation. Low variability in Australia and South Africa suggests that these areas are not subject to the climate patterns that create occasional very wet years in other Mediterranean-climate regions. Lower variability among Mediterranean biomes in the southern hemisphere may lead to a different composition of flora with respect to species traits compared to areas with higher variability [59].



Patterns of summer precipitation variability mirror those of annual variability. Mediterranean biomes of the southern hemisphere generally have low variability compared to those in North America and the Mediterranean region, indicating that the climate patterns that cause occasional summer precipitation in northern hemisphere Mediterranean biomes do not have similar effects in the southern hemisphere. Summer precipitation variability is especially high in northwestern Africa, southern Europe, and coastal Israel; and in central and southern California (and a site at Santiago, in north-central Chile). Most of these areas are strongly seasonal, typically having very little summer precipitation (less than 5% of annual precipitation); summer precipitation in these regions is typically very close to zero in most years, but on occasion is relatively high. These rare events may be due to migration of tropical moisture from monsoons in Asia and Africa [60].



Interannual precipitation variability has important implications for water management to meet human demands. Lower variability over time indicates a more consistent supply than higher variability: even if average precipitation is less, less variability translates to increased certainty in available water from one year to the next [61], which can affect ecosystem services such as irrigation for agriculture [62]. Long-term precipitation records (mostly over the period 1975–2015) indicate a wide range of variability in Mediterranean-climate areas: overall, the Mediterranean region and North America have many locations with very high variation, including some sites with coefficients of variation greater than 0.5. By definition, a CV of 0.5 indicates a distribution of annual precipitation such that one standard deviation is equal to 50% of the mean. For example, if mean annual precipitation is 500 mm and the CV is 0.5, then 68% of the values (one standard deviation greater and one smaller than the mean) are within 250 mm of the 500 mm average. Said another way, approximately 68% of the values are between 250 and 750 mm. If the CV for a site with similar mean annual precipitation (500 mm) is 0.3, then the range of approximately 68% of the values is 350 to 650 mm. Water managers in places with higher variability of mean annual precipitation have to incorporate a greater occurrence frequency of low-precipitation conditions into management frameworks. Incorporation of likely drought conditions into water policies is critical for maintaining human well-being during periods of water scarcity [63]; this is especially important in places where annual precipitation CV is high because of the greater frequency of low-precipitation conditions.




4.3. Trends


The results above indicate varying trends in annual precipitation and proportion of summer and FWS precipitation among and within Mediterranean-climate regions. Data from many areas indicate a downward trend in annual precipitation. In Australia, this could be expected: the period beginning the latter half of the study period (1995–2005, years 20–30 of the past 40 years) comprised Australia’s Millennium Drought, the longest period of consecutive dry years in recorded history [64]. Based on our results, the effect of this drought on 30- to 40-year precipitation trends did not lead to a significant downward trend everywhere; parts of South Australia with more than 30 years of data recorded an increasing trend in annual precipitation. The Australia results also highlight the limitations of trends analysis with limited data: some sites with less than 30 years of record indicate increasing trends over time because data from several of those sites began during the Millennium Drought. Long-term climate variations can lead to different hydrologic trends when data are evaluated over different periods of record [37].



Beyond Australia, some portions of Mediterranean-climate areas indicate trends in mean annual precipitation while others do not. All sites with trends in California indicate downward trends, similar to most sites with trends in Spain, South America, South Africa. Northern Africa is the only identified region where annual precipitation trends are mostly upward. In other areas, such as central and southern Italy and Turkey, some sites indicate upward trends while others indicate downward trends. In such areas where trends results are mixed, direction of trends is not associated with our proposed climate categories: for example, the mixed upward and downward trends in eastern Italy and western Turkey occur within similar conditions of dry or moderate annual precipitation coupled with weak or moderate seasonality. These variations may be attributed to microclimatic conditions, which can be influenced by atmospheric circulation patterns, orographic variations, and proximity to coastal moisture [65].



Summer precipitation patterns over the past 30–40 years also indicate a downward trend in many locations, suggesting that summers in many areas including Spain and Italy, California, and South Africa are becoming drier. Some areas beyond the Mediterranean biome are also becoming drier in summer. Oregon and Washington in North America, and Chile south of Santiago, all are mostly wet-strongly seasonal; with the summers becoming drier, ecosystems in these regions may shift toward more closely resembling nearby Mediterranean biomes. Research has suggested that the Mediterranean biomes of some regions could expand through the 21st century [15]; our results indicate that changes in climatic drivers may already be underway. These results also have important implications for understanding the limitations of spatial datasets such as WorldClim version 1 (used here and elsewhere), which are based on modeled 30-year precipitation datasets ending in 1990. These datasets are now almost 30 years old, and our results suggest that average annual and seasonal precipitation in many locations may not be the same today as they were 30 years ago. Funding to support the development of datasets such as WorldClim version 2 (which would incorporate data from 1970 to 2000) is critical for understanding how human and ecological demands for water can be met in the coming century.



The majority of sites show no trends at alpha 0.05 or 0.01 among annual, FWS, and summer precipitation. A finding of no significant trend is a common result among studies that use the Mann–Kendall test to identify trends among several sites [39,40], and is more common among precipitation than discharge [36]. This may be due to a break in classification. We chose to show trends at alpha values and not outside of those thresholds; as a result, we conclude a significant trend at α = 0.09 but not at 0.11. Some studies report the Z score calculated by the Mann–Kendall test [39,40], which describes the magnitude of the trend and is thus continuous from very strong trend to very little or no trend; but we focused on statistical significance rather than a graduated scale for a less nuanced classification. Additionally, our study uses easily obtained data over large areas—areas with a dry summer climate across the globe—and coverage over these areas is not comprehensive. Where precipitation data can be obtained and verified, focused temporal trends evaluations may provide additional important insights to more thoroughly confirm and better characterize the spatial variability of climate trends; and explore the influence of topographic features at higher resolution [65].



Trends that indicate declining precipitation have important implications for aquatic and terrestrial ecosystems. For example, declining summer precipitation indicates a trend toward increased seasonality: many places that were moderately or weakly seasonal showed downward trends in summer precipitation, with less precipitation today than in previous decades. This suggests that summers are becoming more harsh, which may cause a shift toward aquatic and terrestrial ecosystems better suited to strongly seasonal conditions [66,67]. Equally significant, downward trends in annual precipitation but not FWS precipitation suggest that precipitation is not declining during the rainy season, but rather during other times of year—possibly during early fall and late spring. A reduction in precipitation during late spring as the rainy season ends can have major implications for terrestrial and aquatic ecosystems. In terrestrial ecosystems, less rain during spring can lead to reduced vegetation productivity [68] and different composition [69]. In stream ecosystems, less precipitation in spring can lead to less streamflow in summer [70], which can deplete habitat for fish communities [71].





5. Conclusions


The analyses above present two important findings regarding status and trends of precipitation in Mediterranean biomes. First, climate characteristics of annual precipitation and seasonality are remarkably variable in areas categorized as within a Mediterranean biome. In South America and the Mediterranean region, average annual precipitation in the Mediterranean biome varies from less than 100 to more than 1800 mm. The percentage of precipitation during summer also is highly variable, from less than 5% in parts of North America, South America, the Mediterranean region, and Australia, to more than 20% in parts of Australia, South Africa, and the Mediterranean region. These variations are likely major drivers contributing to the high biodiversity of Mediterranean-climate regions: some areas are very dry while others are very wet, and some areas have a very dry summer season while others do not. Our proposed method of categorizing areas with a Mediterranean climate according to precipitation characteristics can help scientists and resource managers to better understand the varying degrees of pressure placed by precipitation patterns on ecosystems and water management institutions.



The second finding is regarding trends in precipitation within Mediterranean-climate regions. Though not uniform throughout all regions, precipitation data have followed general downward trends in annual precipitation (indicating less annual precipitation over time) and downward trends in summer precipitation (indicating a declining proportion of precipitation during summer). These shifts are likely to have consequences for aquatic and ecosystems, as well as for water management institutions responsible for maintaining adequate water supplies to meet human demands while protecting environmental resources. Reduced summer precipitation can lead to increased stress on ecosystems and greater water demand for agriculture and municipalities; reduced annual precipitation suggests that overall availability is less than in the recent past. Water conservation, through practices such as more efficient use and reduced demand, is likely to become even more important to water management in Mediterranean-climate regions through the twenty-first century.
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