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2.5. Network analysis and ecological indicators 282 

Trophic flow descriptions, and network analysis based on thermodynamic and ecosystem 283 

principals and information theory (Christensen and Walters, 2004; Müller, 1997), lead to a suite of 284 

ecological indicators which can describe the ecosystem (Finn, 1976; Heymans et al., 2014; Lindeman, 285 

1942; Odum, 1969; Odum and Barrett, 1971; Ulanowicz, 1986). Indicator formulas are given in 286 

Appendix A.3. 287 

Based on the diet preference matrix, Ecopath calculates TL of each functional group by 288 

assuming that the TL of primary producers and detritus are 1 and calculating the trophic level (Eq. 289 

(A.15))  (Lindeman, 1942). Total system throughput (TST) is an indicator of the size of the entire 290 

system. It is calculated as the sum of flows including total consumption, total export (detritus export and 291 

catches), total respiration and total flows into detritus (Eq. (A.16)) (Finn, 1976). The system omnivory 292 

index (SOI) (Christensen et al., 2005) and the omnivory index (OI) (Pauly et al., 1993) were defined in 293 

Eq. (A.17) and Eq. (A.18), respectively. The flows between the integer trophic levels were described 294 

using a Lindeman spine (Lindeman, 1942; Ulanowicz, 1986). The ratio of the flows between adjacent 295 

trophic levels is the measure of the inefficiencies of the food web, and called transfer efficiency (TE) 296 

(Lindeman, 1942). The mean transfer efficiency (TEm) is calculated as the geometric mean for TL II to 297 

IV (Christensen et al., 2005). Mean trophic level of the community (mTLco) (Eq. (A.19)) represents 298 

ecosystem structure, and is calculated for functional groups with TL>2 (Christensen et al., 2005). The 299 

Finn Cycling Index (FCI) is the quantification of cycling relative to TST in the ecosystem (Eq. (A.20)) 300 

(Finn, 1976). Ascendency described by Ulanowicz (1986) is related to the resilience of the ecosystem 301 

(Eq. (A.21)) (Heymans and Tomczak, 2016; Ulanowicz, 2004). The upper limit of ascendency is 302 

development capacity (C) (Eq. (A.22)), and the differences between the capacity and the ascendency is 303 

the system overhead (O) (Eq. (A.23)). 304 

Mixed trophic impact (MTI, Ulanowicz and Puccia, 1990) was used to analyse the relative direct 305 

and indirect effects of any one group, including fisheries, on another group by applying hypothetical 306 

biomass changes (Eq. (A.24)). The MTI range from -1 to +1, and values close to these limits indicate 307 

strong effects. Generally, a functional group had a negative impact on their prey and competitors, and a 308 

positive impact on their predators, although it is possible for a predator to have a positive impact on its 309 

prey if it also feeds on the predators of that prey species. A group usually has a negative impact on itself 310 

as it competes for resource. 311 

The overall impacts (Eq. (A.25)) derived from the MTI were used to assess the impact of each 312 

functional group on benthic-pelagic coupling (Agnetta et al., 2019). For this purpose, the portion of 313 

cumulative overall impact of a functional group belonging a certain domain, either demersal or pelagic, 314 

on the cluster of functional groups representing the other domain was calculated (Agnetta et al., 2019). 315 

We calculated this portion separately for alien and native functional groups in order to assess the role of 316 

alien groups on benthic-pelagic coupling. We also applied this approach to evaluate the impact of each 317 

alien functional group on native biota (the cluster of native functional groups), and vice versa. In 318 
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addition, the overall impact and the keystoneness (Eq. (A.26)) were used to estimate keystone groups 319 

affecting other groups in the food web. Keystone groups are defined as particularly important groups 320 

for maintaining the ecosystem dynamics even though their biomass may not be especially high 321 

(Libralato et al., 2006). Finally, overall impact and keystoneness were plotted against each other. 322 

Catch based indicators examined included the mean trophic level of the catch (mTLc) calculated 323 

as the average trophic level of total catch (Eq. (A.27)). This index often shows a decrease in response to 324 

fishing (Pauly. et al., 1998). Total catch (TC), gross efficiency (GE, total catch/total primary production) 325 

(Christensen, 2000), the exploitation rate (F/Z), the proportion of the total mortality (Z) ascribed to 326 

fishing mortality (F), and the Primary Production Required to sustain the catch (PPRc, considering PP 327 

and detritus) (Christensen and Pauly, 1993; Pauly and Christensen, 1995), were also estimated to 328 

evaluate the exploitation status of the ecosystem (Eq. (A.28)). PPRc was expressed in percentage terms 329 

by normalizing with overall primary production (PPRc/TPp = PPRc%). 330 

 331 

3. Results 332 

3.1. Ecosystem description 333 

The Gulf of Mersin model covers trophic level 1 (primary producers and detritus) to 4.22 (large 334 

pelagic fishes). Output parameters of the model by functional group are shown in Table 2 and Table 335 

A.6. whilst the PREBAL diagnostics are shown in Fig. A.2. The trophic positions of the biomass pools 336 

and their links are presented in Fig. 2. In the Gulf of Mersin food web, 58% (11 t km-2) of the total 337 

biomass was in the demersal domain and 42% (8 t km-2) in the pelagic (Table 3). A total of 25% (120 t 338 

km-2 y-1) of the consumption was related to the demersal compartments, and 75% (386 t km-2 y-1) to the 339 

pelagic compartments. The total system throughput (TST) and total biomass (excluding detritus) of the 340 

ecosystem were calculated as 1,150 t km-2 y-1 and 24 t km-2 respectively. TST comprised 43% 341 

consumption, 25% flows into detritus, 22% respiration, and 10% exports. The mean trophic level of the 342 

community (> TL2) was 2.38. Further ecosystem attributes of the Gulf of Mersin model are listed in 343 

Table 3 and Table A.7. The Lindeman Spine, which shows the energy flows between the main trophic 344 

levels of the food web is shown in Fig. 3. Trophic Levels II and III had the highest proportion of TST 345 

and biomass (excluding TLI). Energy was transferred most efficiently between TL II and III with a TE 346 

of 16%. While the energy used for respiration (212 t km-2 y-1), and flow to detritus (120 t km-2 y-1) was 347 

the highest in TL II, the highest total export occurred in TL III with 0.26 t km-2 y-1 due to fishing 348 

removals. The mean TE of the system was estimated as 9.37% (Table 3). 349 
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 355 
Fig. 2. Flow diagram of Gulf of Mersin ecosystem among functional groups organised by their trophic 356 
levels. The numbers and the size of circles indicate functional group name and their biomass, 357 
respectively (see Table 2). Dark green (primary producer); light green (detritus); orange (invertebrates); 358 
turquois (bony fishes); blue (elasmobranch fishes); yellow (others); red indicate alien groups. Groups 6 359 
and 8 are the only two alien invertebrates in the model. 360 
 361 
Table 3. Summary statistics and indicators for Gulf of Mersin model: Trophic level (TL). 362 

Parameters Values Units 
Ecosystem theory indices 
Sum of all consumption 488.61 t km-2 y-1 
The consumption related to demersal compartments excluding 
detritus and discard 

119.82 t km-2 y-1 

The consumption related to pelagic compartments excluding primary 
producers 

368.12 t km-2 y-1 

Sum of all exports 114.17 t km-2 y-1 
Sum of all respiratory flows 254.63 t km-2 y-1 
Sum of all flows into detritus 292.12 t km-2 y-1 
Total system throughput 1149.53 t km-2 y-1 
Sum of all production 504.91 t km-2 y-1 
Total biomass (excluding detritus and discard) 23.49 t km-2 y-1 
Total biomass in demersal domain excluding detritus and discard 10.88 t km-2 y-1 
Total biomass in pelagic domain excluding primary producers 7.81 t km-2 
Mean transfer efficiency (total) 9.37 % 
Mean transfer efficiency (from primary producers) 8.93 % 
Mean transfer efficiency (from detritus) 9.91 % 
Mean TL of the community 1.28 

 

Mean TL of the community (< TL2) 2.38  
Ecopath pedigree index 0.63 

 

Fishery indices 
Total catch 0.42 t km-2 y-1 
Mean TL of the catch 3.29  
Total bottom trawl catch 0.32 t km-2 y-1 
Mean TL of bottom trawl catch 3.26  
Discard rate of bottom trawl catch 44 % 
Total pelagic catch 0.11 t km-2 y-1 
Mean TL of pelagic catch 3.4 

 

Gross efficiency (catch/net p.p.) 0.001 
 

PPR to sustain the fishery/ total net primary production 6.79 % 
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 409 
Fig. 4. Mixed trophic impact (MTI) analysis. MTI values range -1 (red) and +1 (blue) and limits indicate 410 
strong effect. X-axis defines impacted group and Y-axis is impacting group: Alien species or functional 411 
groups (A) 412 
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 413 
Fig. 5. The impact of each (A) alien functional group (red) on native biota (blue, the cluster of native 414 
functional groups), and (B) native functional group on alien biota where the impact was derived from 415 
the MTI analysis.  416 
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 417 
Fig. 6. The role of alien and native groups on benthic-pelagic coupling. The portion of cumulative 418 
overall impact where impact was derived from the MTI analysis of (A) alien and native demersal 419 
functional groups (red) on the pelagic domain and (B and C) pelagic functional groups (blue) on the 420 
alien and native demersal domains, respectively.  421 

 422 
3.3. Fishing impacts 423 

The mean TL of the catch (mTLc) was 3.26 for the bottom trawl fisheries, 3.40 for the pelagic 424 

fisheries and 3.29 across both fisheries (Table 3). The total primary production required to sustain these 425 

catches (%PPRc) was around 7% and the gross efficiency (total catch/total primary production) was 426 

0.0011 (Table 3). 427 

The constant of total bottom trawl fishing time (hours) per km2 in the Gulf of Mersin (Eq. 12) 428 

was calculated as 15.1 h km-2 for the Gulf of Mersin. Bottom trawling was responsible for approximately 429 

76% of the total catch of 0.42 t km-2 y-1 (Table 3). Discards were also an important component of the 430 

total fish removals by trawlers which had a discard rate of 44% (Table 3). Alien species were an 431 

important component of the bottom trawl fisheries as trawl catches included 31% alien species or groups 432 
























