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Figure 6.12. The same as in figure 6.10, but for the Balearic Islands. Figure 6.13. The same as in figure 6.10, but for the Catalonia region.

The salinity in the RADMED area has increased with the only exception of the upper layer of the waters
at the northernmost sector. This salinity increase indicates a possible increase of the evaporation, a
decrease of precipitations, or a combination of both. It should also be considered the construction
of dams in the main rivers that drain into the Mediterranean Sea since the mid twentieth century.
These constructions have affected rivers such as Nile, Ebro, and those rivers draining into the Black
Sea, that finally is connected to the Mediterranean through the Dardanelles and Bosphorus Straits.
Several works have shown that this anthropogenic factor has contributed to the salinity increase of
the Mediterranean waters (Garcia-Martinez et al,, 2018b, Rohling and Bryden, 1992, Krahmann and
Schott, 1998).

To complete this review about the main changes observed for the physical properties of the
Mediterranean waters, figure 6.14 presents the evolution of the mean sea level at Algeciras, Malaga
and Palma de Mallorca, from the IEO tide gauge network. The sea level time series from I'Estartit
oceanographic station (ICM/CSIC) is also included.

The main causes for the sea level rise are the increment of the total mass produced by the melting of
continental ice, and the increment of the water volume (density decrease) caused by the sea warming
(thermosteric sea level). Obviously, if continental ice would increase or density would increase, the
effect would be the opposite, that is, a sea level decrease. To separate these two effects is not an
easy task. Tectonic land movements and the effect of the atmospheric pressure and wind can affect
sea level at a more local scale. An extensive review of all these factors and their influence on sea level
can be consulted in Gomis et al. (2012) or Salat et al. (2017). Other authors have compared sea level
measurements from altimeters and from tide gauges (Bonaduce et al., 2016).
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Summarizing the main results, the Mediterranean mean sea level did not rise or rose at a very low rate
from mid twentieth century to mid 1990s. For the same period, the global mean sea level rose at a rate
of 1.6 £ 0.2 mm/yr. The reason seems to be the increase of atmospheric pressure during this period,
associated to the variability of one of the main atmospheric circulation patterns in the North Atlantic
(NAO, North Atlantic Oscillation). A positive phase of the NAO since 1960 to the beginning of the
1990s induced the sea level decrease (Tsimplis et al., 2005).

Sea level time series from Algeciras and Malaga extend from 1943 to 2002 and from 1944 to 2013
respectively (Fig. 6.14). Linear trends estimated for these time series show positive trends of 0.3 + 0.4
mm/yr for Algeciras and 0.7 + 0.6 mm/yr for Malaga. These values are low if compared with those
observed at a global scale. As already explained, the reason seems to be the strong influence of the
NAO from mid twentieth century to the beginning of the 1990s. If the Malaga sea level time series is
considered from 1990 to 2013, once the high atmospheric pressure period had already ended, the
trend is 5.8 + 2.0 mm/yr. The sea level time series at Palma shows a positive trend from 1997 to 2017
of 21+ 3.3 mm/yr, and the series at I'Estartit, from 1990 to 2017, of 3.1 + 1.1 mm/yr. These values are in
agreement with those observe on a global scale since the beginning of the 1990s, which are around 3.1
mm/yr (Cazenave et al,, 2014), and with those estimated from altimetry data which show a sea level
rise in the Mediterranean Sea from 1993 to 2015 of 2.6 + 0.2 mm/yr (Marcos et al., 2016).

Figure 6.14. From the bottom to the top, monthly mean
sea level time series (blue) at Algeciras, Malaga and
Palma. Annual times series have also been included
(read lines). These time series are expressed in
millimeters (mm). Offsets of 300 mm with respect to
the previous series have been introduced in the series
of Malaga and Palma for the clarity of the plot. The
curve at the upper part of the plot shows the mean sea
level (monthly, blue and annual, red) at I'Estartit. These
latter time series is expressed in centimeters (cm).
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6.3 Analyses of trends for chemical and biological variables.

As already explained throughout the present work, the physical, chemical and biological properties of
sea water, can change on very different time scales. There exist high frequency variations over periods
of days or weeks. Inter-annual variability is responsible for the difference between consecutive years.
On a longer time scale, there can be alterations (positive or negative anomalies) that persist over
several years or decades. Finally, the average values of these properties can change slowly towards
new ones. These latter changes can produce a shift in the conditions of the environmental state of
the marine ecosystems. The detection of long-term trends, requires the analysis of long time series,
typically longer than 30 years. Only in this way, long-term changes and decadal variability can be
distinguished. This analysis and the trend detection are more difficult when time series are affected by
a strong high frequency variability.

The length of the chemical and biological time series collected under the umbrella of IEO monitoring
programs have, in the best cases, alength of 25 years (the oldest ones correspond to 1992). Furthermore,
the high variance of the time series of nutrients, chlorophyll or the abundance of the different groups
in the phyto and zooplanktonic communities, makes it difficult to infer the existence of any trend
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from the analysis of such time series. For these reasons, these estimations have been carried out
only for the longest time series, those corresponding to the former projects ECOMALAGA (P, M, V),
ECOMURCIA (CP) and ECOBALEARES (B) which were initiated in the mid 1990s. Nevertheless, these
results must be taken with caution. The goal of this analysis is simply to have some initial indications of
the possible changes that the Spanish Mediterranean ecosystems could be suffering, and to show the
potentiality of the RADMED monitoring program, in the case it was kept in time.

Since 2007, the sampling protocols for all the geographical areas and transects monitored in RADMED
Project were unified. Stations labeled as 4, over the continental slope, were included at this date. For
this reason, the length of the time series from these stations is not appropriate for the trend analysis.
Therefore, the strategy of presenting results systematically for stations 2 and 4, will not be followed in
this section. Only those oceanographic stations with the longest time series will be analyzed.

For each time series, the average seasonal cycle was subtracted to obtain a series of residuals. Figures
6.15, 6.16 and 6.17 show the time series of residuals for the integrated concentrations of nitrate,
phosphate, chlorophyll-a and the depth of the nutricline, the Deep Chlorophyll Maximum (DCM) and
the chlorophyll concentration at the DCM for the oceanographic stations of the former ECOMALAGA
Project. Figure 6.15 corresponds to the stations P2 and P3 from Cape Pino transect, figure 6.16
corresponds to stations M2 and M3 from Malaga transect, and figure 6.17 to stations V2 and V3 from
Velez transect.

Figure 6.15. Figure 6.15A: Station P2 Time series of residuals for the
integrated concentration of nitrate (light Brown line) and phosphate
Cape Pino: Stations P2, P3 (dark brown line). Time series of residuals for the nutricline depth (black

! line). Residuals have been calculated extracting the average seasonal
cycle to the original time series. Figure 6.15 B: Station P2, Time series of
residuals for the integrated chlorophyll-a concentration (dark green line),
chlorophyll concentration at the position of the DCM, (light green line),
and depth of the DCM (black line). Figures 6.15C and D are the same as
figures 6.15A and B, but for station P3.
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Figure 6.]6. The same as in figure 6.15, but for stations M2 and M3 from  Figure 6.17. The same as in figure 6.15, but for stations V2 and V3 from
the Malaga transect the Velez transect.

Chapter 6. Climate Change. Main trends | 173



In all the cases, figures A) and C) show the time series of residuals for the concentrations of integrated
nitrate (light Brown line), integrated phosphate (dark Brown line) and depth of the nutricline (black line).
Figures B) and D) show the time series of residuals for the integrated concentration of chlorophyll-a
(dark green line), the chlorophyll concentration at the DCM (light green line), and for the depth of the
DCM (black line). Linear trends have been inserted in the figures when they were significant at the 95
% confidence level.

No significant trends were observed at the P2 and P3 stations at the Cape Pino transect for the nitrate
and phosphate concentrations integrated over the upper 100 m of the water column. Neither the
nutricline depth, the depth of the DCM or the chlorophyll concentration at the DCM showed any change.
The only significant trends were obtained for the case of the chlorophyll-a integrated concentration.
Nevertheless, this variable decreased for the observed period at station P2 and increased at P3.

In a similar way, the time evolution of biochemical variables did not show a clear pattern at the Malaga
transect (M2 and M3). Nitrate and phosphate decreased in a significant way at station M3. They also
decreased at station M2, but in this case the trends were not significant. The chlorophyll integrated
concentration has a positive significant trend at station M3, and did not change at M2. Finally, the
depth of the DCM has a positive trend (increasing depth) at station M3.

At Velez transect (V2 and V3), the only variables with a positive and significant trend were the
integrated chlorophyll and the nutricline depth at V3. All the other variables analyzed and presented
in figures 6.17A, B, C and D did not show any significant trend.

Linear trends were also estimated for the oxygen integrated concentration and for the oxygen
concentration at the minimum level (associated to the nutrient maximum) and maximum levels
(associated to the DCM). The corresponding figures are not shown for briefness. The results were
contradictory, with positive trends in some cases, and negative ones or absence of trends in others.

Figures 6.18 and 6.19 show the time series of residuals at stations CP1and CP3in Cape Palos transect and
at the stations Bl and B2 in the Mallorca transect. The integrated concentrations of nitrate, phosphate,
and chlorophyll-a, decreased at station CP1. The depth of the DCM and the nutricline increased. In
this case, the changes are consistent: The nutrient decrease produces the deepening of the nutricline
and the decrease of the primary production which, in turn, produces a decrease of the chlorophyll
concentration and the deepening of the DCM. Nevertheless, all these trends were not significant at the
95 % confidence level. Integrated concentrations of silicate and dissolved oxygen showed negative and
significant trends. Nevertheless, changes observed at CP3, very close to CP1, were not significant and,
in some cases, had opposite signs to those observed at CP1. The only coincidence was the significant
negative trend of integrated dissolved oxygen.
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Figure 6.18. The same as in figure 6.15, but for stations CPl and CP3 in  Figure 6.19. The same as in figure 6.15, but for stations Bl and B2 in
the Cape Palos transect. Mallorca transect.

Figure 6.19 shows the time series for stations B1 and B2 in the Mallorca transect. In this transect, the
systematic sampling of biochemical variables was initiated in 2007. Nevertheless, data from 1994 are
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also available. These data correspond to the former Project ECOBALEARES and have been included in
figure 6.19 for comparison with the data from the current Project RADMED. The only significant result
is the increase of nitrate and phosphate concentrations in both stations. However, these results should
be taken with caution because of the data scarcity.

The analysis of the mixed layer
depth, estimated from temperature
Cape Pino, Malaga and Vélez: data, showed a significant negative

P2, M2y V2 trend at station V3 (shallower
g | position and stronger stratification)
ol and a positive and significant trend
’ at station M2 (deeper position and
' weaker stratification). For the rest
oo of the stations, trends were both
o positive and negative, but none of
them were significant.
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Figure 6.20. The left column shows the average seasonal values for the meso-zooplanktonic biomass at stations P2, M2 and V2 \Vertical bars
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Trends in 2C/100 years; psu/100 years; kgm-3/100 years
Alboran Murcia Baleares Cataluia
6s -1.0£0.2 11+0.2 -0.4 +0.2 06+02
6l 0.2+0]1 01+0.0 01+00 0.3+01
6D 0.3+0.0 0.3+00 0.3+00 0.3+00
SS 0.8+ 01 0.2+01 0.2+01 -0.0 + 0.0
Sl 02+0.0 01+0.0 01+0.0 01£00
sD 01+0.0 01+0.0 01+0.0 01+0.0
(S 0.8+01 -01+01 0.3+01 -0.2 £ 01
ol 01£00 01+0.0 0.0 +0.0 0000
oD 0.0+00 0.0+0.0 0.0 £0.0 0.0+00
SST 21+0.7 22+09 22+10 2010
OFuengirola 19+12
OI'Estartit 25+050Om) 26+05@20m) 20+04 (50 m) 3.0+0.5@E0m)
MSL Algeciras 03+04
MSLMalaga 0.7+ 0.6
MSLPalma 21+33
MSLI'Estartit 3111

Table 6.1. Trends for potential temperature (4C/100 years), salinity (psu/100 years) and potential density
(kgm=/100 years) for the surface layer (S), Intermediate layer (1) and deep layer (D) in the Alboran
Sea, Murcia, Balearic Islands and Catalonia (see red rectangles in figure 6.1). Trends for sea surface
temperature, obtained from satellite data at the same regions (SST). Trends for sea temperature at
Fuengirola Beach (°C/100 years) and at I'Estartit Oceanographic Station at O, 20, 50 and 80 m depth.
Trends for the mean sea level (MSL) at Algeciras, Malaga, Palma de Mallorca and I'Estartit tide gauges
(mm/yr).
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