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Abstract: In this work we address the question of how certain climatic variables may be significant 
related to alterations of avian biodiversity in a semi-agricultural Natura wetland side in Northern 
Greece. In particular, we examine the interplay between temperature, relative humidity and three 
different bird biodiversity indexes, including Shannon Entropy, Simpson’s dominance (evenness) 
index and the Berger-Parker index. By using different modeling approaches, parametric and non-
parametric multivariate models, we make effort to get a consensus on the interrelationships between 
climate and avian biodiversity. In particular, we show that in most cases nonlinear models and sur-
face-plot analysis methodology, are able to capture the relation of a considerable increase in the 
estimated biodiversity indexes with increased temperatures and rain levels. Thus, biodiversity is to 
a significant extent affected by the aforementioned climate factors at a proximate level involving 
synergies between the different climate factors. Revealing potential interrelationship between bio-
diversity and climate drivers although is a complex—even though challenging—task, contributing 
to our understanding of the mechanisms connecting climate change with ecosystem functioning. 
Moreover, a better understanding of biodiversity functioning in relation to climate is essential for 
biodiversity awareness and the design of effective biodiversity-related conservation manage-
ment policies. 
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1. Introduction 
Greece is distinguished for its great biological diversity, which is one of Largest in 

Europe and the Mediterranean [1]. The biodiversity of Greece is very rich due to its geo-
graphical placement, consisting of from European, Asian, African and many endemic spe-
cies including more than 5,500 species of higher plants, 436 species of birds, 116 species 
of mammals, 79 species of reptiles and amphibians, 110 species of freshwater fish, 447 
species of sea fish and about 4000 species invertebrates [2]. Moreover, Greece's biodiver-
sity consists of many endemic species which have a very limited spread (e.g., on a single 
island or areas) and are therefore very sensitive to disturbances.  

Climate change is increasingly being recognized as a serious threat, especially in 
what concerns coastal, alpine and arctic species and habitats [3,4]. According to the Euro-
pean Commission Green Paper (2007), most Vulnerable areas of Europe are the following: 
Southern Europe and the whole of the Mediterranean basin due, on the one hand, to high 
temperature and on the other hand, the decrease of rainfall in areas where water scarcity 
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is already observed. It is pointed out that southern Europe is already experiencing ex-
tremely dry weather, with rainfall to have increased by up to 20% during the 20th century. 

Seasonal and year to year alterations of climate factors, including temperatures and 
rain events, may have direct and indirect effects on species biodiversity. The effects of 
climate in bird biodiversity are multifaceted including [2-5]: (i) direct effects on species 
bio-demography (e.g., affecting survival, reproductive success rates and population dy-
namics, (ii) effects through biotic interactions (e.g., concession of competitive advantage, 
niche occupation and dispersion) (iii) effects through habitat changes (e.g., flooding in 
water, dry weather conditions and related landscape modifications).  

Furthermore, climate alterations affect ecosystem structure and biodiversity in a 
combined way causing alterations in river arrangements, water abstractions and land use 
[6,7]. Any significant reduction of wetlands, due to an increase in temperature for in-
stance, is expected to affect the routes of migratory birds, which depend mainly on avail-
ability of suitable Mediterranean habitats for wintering and rest during their course from 
north to south. Despite the importance of environmental drivers in species biodiversity, 
there are few studies which focus on the relationship between species biodiversity and 
climate conditions [8]. Moreover, although some studies performed on species level in 
local scale (e.g., [9]), there are no specific studies which study the effect of climate factors 
in bird biodiversity in Northern Greece. 

There are 182 species of animals of Community interest in Greece, in accordance with 
the Directive 92/43 / EEC and according to the results of the 2nd national report on the 
implementation of the Directive 92/43 / EEC for the period 2000 – 2006 [10], there are major 
deficiencies in terms of spatial planning, range and population of these species. Therefore, 
there is an ongoing interest to detect any changes in avian biodiversity and how they are 
affected by different environmental drivers.  

In previous works we have detected alterations in avian biodiversity throughout the 
last years in a representative Natura 2000 wetland in Northern Greece [11]. The objective 
of the current work is the detection of the existence of interrelationships between some of 
the most important environmental drivers, namely temperature and rain levels and the 
avian biodiversity in a Mediterranean like Natura 2000 wetland. Birds are the most con-
spicuous and significant component of freshwater wetland ecosystems [12]. To date, no 
detailed study has been conducted in a Natura 2000 wetland in Northern Greece to deter-
mine the particular association of birds with microclimate variables. 

 Due to occurrence of both dry summers and mild winters we can expect remarkable 
variation in bird biodiversity caused by annual fluctuations of climatic conditions. Thus, 
climatic conditions in Northern Greece offer good opportunity to explore the effects of the 
above environmental drivers on bird species biodiversity and to highlight possible impli-
cations for conservation management. The detection of changes in avian biodiversity may 
indicate the ecological conditions of the wetland area.  

2. Material and Methods  
2.1. Study Site 

The current study is performed in the wetland complex of the Thermaikos gulf 
Natura 2000 protected area in Northern Greece and particularly in the Axios Delta Na-
tional Park - Loudia - Aliakmonas, with an area of 338 sq.km., which includes the deltas 
and estuaries of the four rivers, the lagoon of Kalochori and Aliki Kitros, the wetland of 
Nea Agathoupoli and the riverbed of Axios to and Ellis. The wetland, which is the core of 
the protected area, is surrounded by irrigated and non-irrigated crops, mainly cereals, and 
meadows, while in the area there are also small grasslands along with mosaic of lotic and 
lentic water systems having complex ecosystem of seasonally flooded grassland and pas-
tures. The protected area has high biodiversity and in there have been recorded 297 spe-
cies of birds, 66% of the species observed to date in Greece, of which 106 nesting, 350 
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species and subspecies of plants, 40 species of mammals, 18 species of reptiles 9 species of 
amphibians in 25 habitats, two of which are priority habitats at European level [13]. 

2.2. Data 
Weather data were obtained by the national observatory of Athens. The climate data 

included mean temperatures (oC) and relative humidity (%). Bird data were obtained 
through the official website of the Thermaikos gulf protected areas management author-
ity. Particularly, the most complete and representative bird watching data sets from 2012 
till 2017 of the spatial protection zone (GR1220010) of the Natura 2000 natural park was 
used for the analysis. All data are published and free accessible and are intellectual prop-
erty Thermaikos gulf protected areas management authority (Theramaikos gulf protected 
areas management authority 2020, http://axiosdelta.gr/en/) and have been used after offi-
cial permission ((license permission: Chalastra 19/3/2019, protocol number: 262). 

2.3. Biodiversity Indexes and Analysis 
Three biodiversity indexes were estimated based on the bird counts recorded includ-

ing the Shannon diversity, Simspons dominance index and the Berger – Parker index [11]. 
The Shannon diversity function,  is a measure of the information necessary to specify an 
assemblage and probably the most common biodiversity measure. For only one type in 
the data set, Shannon entropy equals zero. Therefore, high Shannon entropy stands for 
high, low Shannon entropy for low diversity. The Simpson’s diversity index, [14],is a sim-
ple mathematical measure that characterizes the species diversity in a community and the 
Berger – Parker index, (referred as species dominance in Berger and Parker [15]) is the 
maximum proportion of any species in a sample. If the community (sample) is dominated 
by the most common species and it is not even then the Berger-Parker index should be 
high.  

To detect the interrelationship between the two environmental drivers, namely tem-
perature and relative humidity and the different biodiversity indexes, we have fitted on 
the data a 3D non-linear regression model of the form f(x,y)= y0+a*x+b*y+c*x2^2+d*y2, 
where, a, b, c and d are constant parameters and x, y the dependent environmental varia-
bles. Additionally, non-parametric smoothed contour plots where also generated for com-
parative reasons. The analysis was performed using SigmaPlot version 14.1 from Systat 
Software, Inc., San Jose California USA, www.systatsoftware.com.  

3. Results 
Non-linear regression modeling provides a surface-plot analysis methodology to link 

the interrelationship between temperature, relative humidity and the three biodiversity 
indexes that were tested. The results of the non-linear regression model depicted in Fig-
ures 1a, 2a and 3a, while table 1 summarizes the parameter estimated of the non-linear 
regression model as well as the basic model performance statistics for each case. 
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(a)         (b) 

Figure 1. Interrelationship between annual mean temperature, relative humidity and avian biodiversity expressed as 
Shannon Entropy according to the (a) non-linear regression model; and the (b) non-parametric counter plots. The dot 
represents the local minimum (see text for details). 

 
(a)         (b) 

Figure 2. Interrelationship between annual mean temperature, relative humidity and avian biodiversity expressed as 
Simpson's index according to the (a) non-linear regression model; and the (b) non-parametric counter plots. The dot rep-
resents the local maximum (see text for details). 

However, the non-linear models performed less well and accounted close to 50% of 
the data variability (Figure 1a, 2b and 3c). This was expected to some extend considering 
that the data range was relatively small (e.g., 2012-2017). Nevertheless, based on the non-
linear model results the lowest avian biodiversity was, 1.5 according to the Shannon index 
and was observed at the intermedium temperature and relative humidity levels (e.g., local 
minimum at 15.4oC and 70,6% RH). The Simpson and Berger-Parker diversity indexes 
showed analogous trend with that of Shannon although on an opposite way. Particularly, 
the local maximum for the Simpson index 0.58 and for the Berger – Parker 0.28 at 15.4oC 
and 70,6% RH, respectively. 
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(a)         (b) 

Figure 3. Interrelationship between annual mean temperature, relative humidity and avian biodiversity expressed as Ber-
ger - Parker index according to the (a) non-linear regression model; and the (b) non-parametric counter plots. The dot 
represents the local maximum (see text for details). 

Table 1. Parameter estimates (y0, a,b,c) of the non-linear regression model1 and related statistic performance (R and R2). 

 Shannon Simpson Berger-Parker 
y0 169,004 -33,946 -33,453 
a -22,124 4,503 4,437 
b 0,313 -0,079 -0,052 
c 0,701 0,0008 -0,141 
R 0,67 0,657  0,584 
R2 0,448 0,431 0,341 

1 Model is: f(x,y)= y0+a*x+b*y+c*x2^2+d*y2 

The same trends were also observed by observing the contour plots which depict the 
biodiversity index as response variable related to the two environmental predictor varia-
bles (Figure 5, 6, and 7). The hot colors (e.g., orange to red) indicate higher avian biodi-
versity as a response to temperature and relative humidity. In particular, the highest bio-
diversity is observed in the right of graph indicating that for intermediate relative humid-
ity levels and modest to lower temperature levels. Moreover, more contours with cold 
colors (e.g., blue) are located in the upper and lower part of chart suggesting that the com-
binations of high humidity (e.g., close to 80% RH) and temperature levels does not favor 
high biodiversity levels. A similar pattern, although at lower levels, is observed at very 
low to dry relative humidity levels (e.g., close to 50% RH) and intermediate annual tem-
peratures. 

4. Discussion 
Detecting the association of avian biodiversity with microclimate variables is partic-

ularly important to understand the importance, productivity and suitability of a particular 
area and how these factors affect bird habitat selection and distribution [12]. Climate 
change has a multifaceted effect on biodiversity which is almost always negative for spe-
cies.  Changes in ambient temperatures, the amount of precipitation (rain, snow, etc.), 
relative humidity and increasingly frequent extreme weather events are characteristic el-
ements of climate change that directly affect biodiversity [7,17].  
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Climate variables may affect avian survival rate, reproduction success, time of breed-
ing, species dispersion and habitat selection [16, 18, 19]. Climate change is also being as-
sessed that it will exacerbate the loss of species, in particular species of limited range cli-
mate and ecological requirements and limited migration possibilities (IPCC 2007) [20]. 
Moreover, alterations in climate may also affect biodiversity in an indirect way, changing 
ecosystems and habitat characteristics in an accelerating way and thus modifying the be-
havior, distribution range and population dynamics of avian assemblages [21]. To the best 
of our knowledge no detailed study has been conducted in wetland area of Northern 
Greece to determine the particular association of avian biodiversity with microclimate.  

 Empirical studies of the relationships between bird population abundance and cli-
matic conditions are not very common [8, 22] and most of the current knowledge is based 
on few studies performed on species level in local scale (e.g. [9, 23]). Based on the non-
linear regression model results and the related contour surface plots we conclude that an 
increased biodiversity is favored by intermediate levels of relative humidity and temper-
ature. This phenomenon is in accordance with other studies [24,25] and can theoretically 
be explained due to the direct and/or indirect effects of climatic factors on bird popula-
tions and the suitability of their habitats.  

Yet it should be noted that most regression models displayed moderate to low coef-
ficient of determination a trend which could be explained by the fact that we have used 
annual mean (e.g., pooled data for each year of observation) rather than monthly data 
means and thus the points for the regressions were limited. Nevertheless, the results are 
informative and especially those derived from the countor plots, since they have been 
derived using long-term and successive avian biodiversity monitoring data. 

It is known, for instance that many bird populations are very sensitive to dry condi-
tions. Furthermore, it is expected that drought conditions will modify wetlands and their 
composition, while the Mediterranean ecosystems are among the most vulnerable in Eu-
rope due to climate alterations as they are close to their environmental boundaries [26]. 
Bird habitats are expected to be strongly affected by phenomena such as rising sea levels, 
large fires, changing flora and changing land uses. For example, the Mediterranean coastal 
wetlands, which are critical for bird migration, will have undergone major changes by 
2080, when temperatures are expected to rise from 1.5˚C to 4.2˚C [ 2, 27].  

Birds, particularly, being very sensitive to weather conditions, are one of the best 
indicators for monitoring changes that are expected to occur in the future [28]. Climate 
change already has a distinct negative impact, mostly through influences mediated by 
vegetation and wetland composition, on bird populations, at European level and threaten 
their populations. Specifically, according to the European Climate Impact Index, more 
than 2/3 of bird species are adversely affected by Climate Change [5, 26]. In this context, 
the present work can contribute to understanding how climatic factors can affect avian 
biodiversity. To date the areas most affected by climate change could be the south part of 
the Iberian Peninsula, the east coast of the Adriatic, and southern Greece [29]. As a result, 
some wetlands may not be suitable to accommodate a large number of birds because they 
may not have enough water. 

In a broadest context a potential loss in biodiversity implies a degradation of the ser-
vices provided by ecosystems and particularly semi natural ecosystems such as the 
Natura 2000 sites. Between ecosystem that could be affected due to the loss of biodiversity 
include the production of food, fuel, fiber and regulation of water, air and climate, the 
maintenance of soil fertility and nutrient cycle [2,30]. Therefore, in a holistic perspective 
the preservation of biodiversity and detection of factors affecting it is vital to our health 
and well-being since it improves quality and enhances living standards, contributes to 
social prosperity and cohesion and offers new opportunities for investment and work. At 
the same time, much of this growth has been accompanied by the deterioration of biodi-
versity. Therefore, biodiversity loss is a cause for concern, not just because of its inherent 
value, but also because biodiversity is an element of the background on which it is based 
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competitiveness, growth and employment, as well as the improvement of living condi-
tions (European Commission 2021) [31].  

5. Conclusions  
 The bird biodiversity has been known to play an important role as biodiversity in-

dicator in the wellbeing and health of ecosystems. In the present work, the interrelation-
ship between temperature, relative humidity and avian biodiversity was studied for the 
first time in a representative natura 2000 wetland in Northern Greece. We detected a con-
siderable interrelationship between annual mean temperatures and relative humidity, 
with the different avian biodiversity indexes. In particular, we observe an increase in bio-
diversity for the intermediate levels of relative humidity and temperature, while an op-
posite trend occurs when the relative humidity and temperature values are in the extreme 
values. However, there are cases in which the coefficient of determination of the non-lin-
ear models were low and this is probably related to fact that we have used for the analysis 
mean yearly values of temperature and relative humidity along with the biodiversity val-
ues for a limited number of years (e.g., 2012-2017). Yet, this study has shown that avian 
biodiversity is considerably affected by differentiations of the annual values of the envi-
ronmental variables and thus may contribute to our understanding on how climate 
change may affect biodiversity. These findings are expected to improve our understand-
ing of the effects of microclimate on avian biodiversity and improve conservation man-
agement in the particular area of research. 
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