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Abstract

We explored whether leaf detritus of an exotic species, Eucalyptus camaldulensis, affects the structural and functional pro-
cesses of macrozoobenthic assemblages in four increased salt stress conditions of a transitional aquatic ecosystem (central
Italy). We compared the dynamics of the weight loss of leaves of E. camaldulensis by leaching and feeding activities on
palatable fraction, measuring the relative breakdown rates, with the weight loss of native Phragmites australis detritus. High-
est values of abundance (481 and 245 individuals) were observed on native and exotic resources in 52.64 +6.01 psu due to
Hydrobia complex acuta on the detritus leaves of Phragmites and Eucalyptus. While the two leaf detritus resources showed
low breakdown rates by leaching, the donor-controlled community responded in terms of palatable fraction consumption
better on native resources than on exotic plant detritus. Comparing the responses of macrozoobenthic assemblages to the
different salt stress conditions and resources, we obtained two complex patterns, one denoting changes in structuring metrics
(abundance and biomass) and another denoting a change in donor functionality (reduction of palatable fraction, increase of
recalcitrant/leaching fractions). The macrozoobenthic assemblages responded simplifying their structure in stressed condi-
tions of high salinity. Our results indicate that, when estimating the impact of exotic plant detritus on structuring processes of
macrozoobenthic assemblages, we should include the breakdown rates of their trophic leaf resources, as well as the relevance
of the relative fraction types (leaching, recalcitrant and palatable) influencing those processes. Eucalyptus trees, considered
a foreign element in the Mediterranean landscapes, can play a paradoxically role in the detritus food webs.

Keywords Exotic plant detritus - Eucalyptus camaldulensis - Bottom-up pressure - Donor-controlled ecosystem - Surrogate
trophic resource

1 Introduction

Plant detritus differs from living matter because neither
reproduces nor its own dynamic is directly affected by con-
sumers (Moore et al. 2004). The relationship between detri-
tus and consumers is formalized by the so-called donor-con-
trolled models, stemming from the classical prey-predator
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models (Moore et al. 2004). Donor-control means that the
transfer of matter and energy between species is entirely
under the control of the donating species and not controlled
by the recipient species (Pastor 2008).

The biodiversity of aquatic macroinvertebrate assem-
blages is assumed to be dependent on the autochthonous and
allochthonous detritus inputs, which constitute important
trophic components of donor-controlled food webs, as well
as on fresh plant materials for the “green” food webs (Polis
and Strong 1996; Jefferies 2000; Moore and de Ruiter 2012).
Concerning the external organic inputs, a type of bottom-
up pressure, it is known that most aquatic ecosystems are
recipients of allochthonous materials that enhance in situ
secondary productivity and affecting the life cycles of mac-
roconsumers and their predators by consumption process of
detritus substrates (Wallace et al. 1999; Kevrekidis 2004;
Benke and Huryn 2006).
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In temperate areas, allochthonous plant detritus from the
native riparian vegetation should be considered as a sea-
sonal trophic resource that influences the trophic structures
of consumers (Polis et al. 2004; Barlocher 2007). Generally,
this happens because its availability is strongly dependent on
the leaf abscission process (Cho et al. 2008; Mathuriau et al.
2008). Consequently, taking into consideration the plant spe-
cies of the riparian vegetation structures (Friberg and Win-
terbourn 1997; Parkyn and Winterbourn 1997), the analysis
of the effects of the plant detritus inputs into the aquatic
ecosystems could be reasonably related to the leaf abscission
calendar of each plant species (Ostrofsky 1997; Cummins
2002). This seasonal periodicity suggests to assume it as a
driving force of the donor-controlled relationship between
plant detritus availability and structuring and functioning
processes of aquatic detritus-based communities (Werner
and Gilliam 1984; Kominosky et al. 2009).

The current debate on the impact of exotic species on
native biodiversity is still open (Schlaepfer 2018; Pauchard
et al. 2018), less is known about the effects of plant debris
of exotic origin on the ecological processes of aquatic eco-
systems (Moore and Ruiter 2012).

The presence of exotic plant species in the native riparian
vegetation structures is an established fact (Stohlgren et al.
1998, 1999) and the presence of non-native plant species
seems to produce not only deep changes in community struc-
tures, but also in ecosystem functioning (Godoy et al. 2010;
Furey et al. 2014; Bo et al. 2014; for examples in aquatic
coastal ecosystems, see Reise et al. 2006). The effects of
exotic plant detritus on the structure and functioning of
donor-controlled food webs could provide suggestions on
the possibility to increase the predictive power of the aquatic
communities’ responses in disturbed conditions (Huxel and
McCann 1998; Ponsard et al. 2000; Rosemond et al. 2001;
Wollrab et al. 2012). In this regard, previous researchers
have emphasized that the community of invertebrates had
no difficulty in consuming exotic plant species and that
the macroinvertebrate density and richness were higher on
leaves of native than on those of exotic plant species (Alonso
et al. 2010; Stiers et al. 2011).

In aquatic ecosystems, the macrozoobenthic assemblages
appear to respond in a predictable way in terms of biomass
and abundance to the quality and quantity of plant detritus
input, as well as to stressors as, for example, the salinity
fluctuations, reducing the biodiversity in terms of species
richness (Telesh et al. 2013). The salinity fluctuation is
an important and well-known abiotic factor, which can be
another driving force in the biodiversity patterns particularly
into the transitional aquatic ecosystems (Brock et al. 2005;
Jorgensen et al. 2013; Cerfolli et al. 2013).

Although numerous investigations conducted on ecologi-
cal community patterns show a significant reduction of bio-
diversity related to the salinity increase (Piscart et al. 2005;
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Amores et al. 2013), other studies highlight the response
performances of invertebrate assemblages and changes in
food webs in hyperhaline waters (i.e. physiological special-
ism increase; McEvoy and Goonan 2003; Angeletti et al.
2010; Bellisario et al. 2013).

Recent studies seem to emphasize that the increasing
levels of salinity could affect the native vegetation growing
along riverbanks, especially in transitional aquatic ecosys-
tems, mediating competition between native and exotic plant
species and thus changing the structure of plant communities
(Tang et al. 2014; Canhoto and Graca 1996; Gongalves and
Canhoto 2009; Gongalves et al. 2012). Contextually, the role
that the exotic detritus plays as a food surrogate for mac-
rozoobenthic assemblages in waters with different level of
salinity should be explored. One hypothesis is that both the
native and exotic plant detritus are used as trophic resources
from macrozoobenthic assemblages under salt stress condi-
tions (see also Wardle et al. 2004; Furey et al. 2014).

The aim of this paper is to show how an exotic plant
detritus trophic resource affects the structural and func-
tional responses of macrozoobenthic assemblages in sev-
eral increasing salt stress conditions. Our endpoint variables
were the taxonomic composition, abundance and biomass
of macrozoobenthic assemblages. Here, the comparison
between the breakdown dynamics of native and exotic detri-
tus by macroinvertebrate assemblages has been adopted as
a criterion to probe the relationship between structural and
functional responses of donor-controlled macroinvertebrate
communities in salt stress conditions. We also addressed
the influence of the increase of salinity on the leaching as
well as on the consumption by trophic macrozoobenthic
assemblages, characterized by species belonging to differ-
ent trophic groups.

2 Materials and methods
2.1 Study area

The study area was the coastal aquatic ecosystem of dis-
used Tarquinia saltworks (central Italy, 42°12' N, 11°43' E),
a patchy environment composed by a series of about 100
pools whose connection is ensured by a surrounding drain-
age system. The exchange of waters is provided by a single
connection with the sea located north of the area (Fig. 1).
Isolation and hydrological connectivity give rise to a wide
salinity gradient spanning from hypohaline to hyperhaline
waters (Bellisario et al. 2013).

2.2 Field and laboratory methods

Pools in the study area show a pattern in the variability of
the salinity levels, pH and dissolved oxygen concentration.
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Fig.1 Spatial location of the four sampling pools at Tarquinia salt-
works (central Italy). Black arrow indicates the main point of water
refill between the sea and the study area, while the black surfaces
shows the sampling sites (from P1 to P4)

Four sampling sites (pools) were randomly selected, cover-
ing the maximal range of salinity variation from marine to
hyperhaline waters (annual values, from 40 to 160 psu or
%o), excluding the freshwater conditions, to perform a mac-
rozoobenthic consumption experiment of native and exotic
detritus in different salt stress conditions (Table 1).

For the scope of this work, two trophic vegetable
resources were offered as plant detritus to the macrozoob-
enthos of a transitional aquatic ecosystem. The first resource
was the Common Reed, Phragmites australis (Cav.) Trin.
ex Steud., a native plant species of Mediterranean aquatic
vegetation communities; the second was the River Red Gam,
Eucalyptus camaldulensis (Dehnh, 1832), an exotic plant
species naturalized in Mediterranean eco-region (Celesti-
Grapow et al. 2010).

Phragmites australis is an azonal species due to its wide
range, that is, without belonging to a specific bioclimatic or
altitude range (Lucchese 2017, 2018). In addition, P. austra-
lis is a species that tends to expand in areas affected by sec-
ondary succession processes and contributing with the input
of allochthonous leaf debris to the maintenance of the mac-
rozoobenthic communities of the area (Cerfolli et al. 2013).
The presence of specimens of Eucalyptus camaldulensis in
the area dates back to 1880 and is associated with their use
in the recovery works of marshland, as natural water pumps
and windbreaks to protect the salt-farm buildings (Abbru-
zzese 2014).

The choice of these two food resources was also deter-
mined by knowing the rates of breakdown by leaching of
the respective detritus, a useful feature to analyze functional
processes such as the trophic consumption and the coloni-
zation process by macroinvertebrates (Agoston-Szabo and
Dinka 2008; Cerfolli et al. 2013).

Table 1 Annual values of chemical parameters measured in four sampling pools at Tarquinia saltworks (central Italy)

Annual values (mean =+ sd)

Nov Dec

Oct

Jul 1=122)  Sep (t=181)

Jun (¢=101)

=70)

Mar (t=0)  Apr(t=33)  May (¢

Jan Feb

POOL

Salinity (psu)

P1

43.41+3.39
52.64+6.01

42.8

40.15 432
48

39
57

40
59

43
60

45
55

44.01
51

48.35 50

42.05
45

144.55+22.07
160.27 +£43.42

44

49.95

58.5

48.9

P2

135
141

150

175

170
188

170
266

160
150

140
155

135
160

110
111

125 120
115

128

P3

159

190

P4

[0,] mg L~
P1

8.23+1.87
7.48+1.79
6.64+1.07
7.03+2.04

6.12
6.49

6.4

53
5.8

7.2

11.1
7.3
6.8
3.5

6.8

7.3
6.4
5.9
6.2

7.8
7.2
6.6

10 9.8

10

11

5.6
5.2
5.2

10.0
7.8
9.6

10

P2

5.9
7.1

P3

5.8

7.2

9.9

9.8

P4
pH

8.25+0.29
8.13+0.64

8.6

8.06 8.47 8.56 8.5 8.6
7.84 6.93

7.2

8,1

7.9
8.6

P1

8.3 8.8

8.14

8.07

7.87

8.7

8.9

P2
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Among the detritus resources, Phragmites australis was
selected because it occurs in the riparian habitats of the area.
An exotic plant species, Eucalyptus camaldulensis, was
also selected because input records of leaf detritus were not
observed in the water column of the pools (henceforth the
two plant species will be mentioned by their genus).

To measure the short-term effects of the two plant detritus
inputs on macrozoobenthic assemblage in terms of struc-
turing and functioning of donor-controlled systems drove
by salinity, we placed in each pool, 20 protected (mesh
size: 1 mm?) and 20 unprotected (mesh size: 5 mm?) pre-
weighted leaf packs for both detritus resources (total =320
leaf packs). In protected packs the fungal decomposition can
be an attractive food resource (e.g. Barlocher and Kendrick
1973; Barlocher and Graca 2002): however in this study
we assumed that this phenomenon is negligible. Knowing
the initial dry weight of each leaf pack (2.000+0.004 g
after storing at 60 °C for at least 72 h), we measured by an
approximately monthly sampling (6 months, total 181 days),
with =4 replicates:

(1) the remaining dry weight of leaf detritus in both pro-
tected and unprotected leaf packs, after again storing
at 60 °C for at least 72 h (monthly means);

(i) the number of colonizing taxa;

(iii) the number of individuals (abundance) for each taxon
(monthly means);

(iv) the dry biomass of individuals for each taxon
(monthly means), after storing at 60 °C for at least
72 h, and the determination of the ash free dry weight
(AFDW) after ignition in a muffle furnace at 500 °C
for 6 h.

AFDW was considered to provide a better comparison
with other macroinvertebrates than dry weight (Fazi and
Rossi 2000).

All benthic macroinvertebrates were identified to the
appropriate taxonomic level (genus or species), then
enumerated and recorded on electronic field data sheet
(Table 2).

Table 2 Species abundances of the detritus-based macrozoobenthic assemblages in four sampling pools (from P1-P2 to P3-P4) at Tarquinia
saltworks, ordered by collecting times (days in water) and plant substrates (N =native and E =exotic leaf detritus)

Days in water

33 70 101 122 181
Pool number Pl P2 P1 P2 P1 P2 P1 P2 Pl P2
Taxon N E N E N E N E N E N E N E N E N E N E
Hydrobia (complex) acura 0 0 31 35 0 0 176 110 14 26 154 66 74 48 8 29 21 33 37 5
Gammarus aequicauda 9 8 0 0 15 3 0 2 32 94 o 0 0 O o o0 o o0 0 o0
Idotea balthica o o0 0 0 5 1 0 0o 7 8 1 1 0 O o o0 7 5 0 1
Cerithium vulgatum 3 1 0O 0 6 8 0 0o 3 0 o o0 2 3 0o 0 1 o 0 O
Chironomus salinarius 0O 0 6 0 1 0 6 0 1 0 7 17 3 0 87 13 3 8 2 4
Chironomus sp. (larvae) o o0 o0 o 2 2 0 0o 0 0 o 0 0 O 0o 0 0 o 0 O
Haliplus sp. 0o 0 0 o0 1 3 0 0 0 0 0O 0 0 O 1 1 o 0 o0 o0
Nereis diversicolor o o0 o o0 0 o0 0 0 1 1 o 0 0 O o o0 o o0 0 o
Stratiomys sp. o 0 0 0 1 0 0 0 0 0 o 0 0 o0 o 0 O 0o o0 o
Perinereis cultrifera o o0 o0 O o0 o 0 0 0 3 o o0 o0 7 o o0 o 5 0 O
Stylochus sp. 0 1 0o 0 0 1 0 0 o0 0 o 0 0 O 0o 0 0 o0 o0 O
Cerastoderma glaucum o o0 2 0 0 O 0 0 o0 0 o 0 0 o0 o o0 o o0 o0 o
Total abundance (N) 12 10 39 35 31 18 182 112 58 132 162 84 79 58 171 43 32 51 39 10
Richness 2 3 3 1 7 6 2 2 6 5 3 3 3 3 3 3 4 4 2 3

Days in water

33 70 101 122 181
Pool number P3 P4 P3 P4 P3 P4 P3 P4 P3 P4
Taxon N E N E N E N E N E N E N E N E N E N E
Chironomus salinarius 0 o0 1 0 19 0 17 33 36 4 28 42 17 3 52 39 12 2 72 48
Haliplus sp. o 0 o0 o0 1 0 1 1 1 2 1 0 0 0 0o 0 0 0 0
Total abundance (N) 0o 0 1 0 20 O 18 33 37 5 30 43 17 3 52 39 12 2 72 48
Richness o o0 1 0 2 0 2 2 2 2 2 1 2 1 1 1 1 1 1
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2.3 Data analyses

We assumed that the difference between initial and remain-
ing dry weights of leaf detritus in protected litterbags was
a measure of leaching loss (sensu Bérlocher 2007). While
the difference between initial and remaining dry weights of
unprotected litterbags was due to the sum of two weight
losses i.e. the leaching loss (where Wy et titerbags &
Wb, unprotected litterbags) @0d the feeding activity of macrozoo-
benthic assemblage.

For each leaf sample, we then measured three detritus cat-
egories: dissolved (W), palatable (W) and recalcitrant (Wy)
fractions where their sum is unitary (i.e. W+ Wp+Wp=1).
In protected litterbags, the dissolved matter fraction (Wp)
was a measure of matter lost by only leaching activity
(Wp=1 — Wy, where Wy was the fraction of the dry weight
of remnant matter and Wp=0), whereas, inversely, the recal-
citrant fraction was a measure of remnant matter (W =1
— Wp). In unprotected litterbags, the palatable matter frac-
tion (Wp) was defined as: Wp=1 — (W + Wp), where Wy =1
— (Wp+ W) was the fraction of the dry weight of remaining
matter and Wp=1 — (Wg+ Wp), was a measure of organic
matter lost by leaching activity.

The breakdown rates of native and exotic detritus
resources were estimated using the exponential decay
[k=(InW, — InW))/t], where k is the decay coefficient, W,
the initial dry weight and W, the remaining dry weight at
time 7 (Olson 1963).

A regression analysis between the percentage of remain-
ing material (log-transformed) and collecting time was con-
ducted for each of the two detritus (Phragmites and Euca-
lyptus) to estimate the weight loss coefficient k (equal to
slope) and number of days to reach 50% of mass loss (T50)
(Bérlocher 2007). The significance of linear regression was
measured by means of ANOVA and, for both parameters (k
and T50), the 95% confidence intervals were estimated. Dif-
ferences in k or T50 values between two detritus plant spe-
cies were considered significant when their 95% confidence
limits did not overlap.

A principal component analysis (PCA) was used to iden-
tify the main component (salinity (psu); [0,] mg L™!; pH)
involved in the annual change in chemical-physical param-
eters in the four pools of the study area.

Finally, a two-way permutational analysis of variance
(PERMANOVA) was used to test for the effect of leaf detri-
tus type (two levels fixed, native and exotic) and salinity
(four levels fixed) on macrozoobenthic assemblages. Mul-
tivariate community structure was analyzed with PER-
MANOVA on 4th root transformed data (Bray—Curtis simi-
larity coefficient; 4999 permutations; Clarke et al. 2006).

Statistical analyses were performed with R (R Develop-
ment Core Team 2014).

3 Results

Fluctuations in the level of pH and dissolved oxygen concen-
tration slightly affected the environmental conditions within
the pools, as showed by the PCA ordination. Particularly,
PCA showed the role of salinity as the main driving force in
the ordination (PCA score =0.971), while pH and dissolved
oxygen concentration accounted for the remaining fraction
(Table 1).

In six months, 1790 individuals (14.622 AFDW g) were
collected, belonging to S=12 macrozoobenthic taxa in
P =four pools (Tables 2 and 4).

Highest values of abundance (481 and 245 individuals)
were observed on native and exotic resources in 52.64 +6.01
psu due to Hydrobia complex acuta on the detritus leaves of
Phragmites and Eucalyptus.

On the weight loss, the breakdown rates (Olson’s formula
emphasize the role of native and exotic detritus resources,
where k, ive > Keyoric 10 low salt stress conditions, and
kpative = Kexotic 1 high salt stress conditions (Table 3). More
particularly, we observed an increase in the weight loss of
detritus when, in 181 days under high salt stress conditions,
only 5.46% and 4.87% of offered native and exotic resources
are consumed by Chironomus salinarius (larvae) in terms
of abundances.

In 43.41 +3.39 psu (or, equivalently, in marine water),
native and exotic plant detritus resources were consumed, in
6 months, by higher richness of macroinvertebrates (9 and 10
taxonomic unities, respectively) than in 160.27 +£43.42 psu
(on both leaf detritus, 2 taxonomic unities). In 52.64 +6.01
psu, native plant detritus was consumed by higher abun-
dance of macroinvertebrates than exotic resources (593 and
284 total individuals, respectively).

Regression analysis always showed a significant negative
correlation between the percentage of remaining material
and collecting time (+* > — 0.90 and p < 0.05 for all cases) in
all sampled pools. Both trophic resources (native and exotic)
and environmental conditions (salinity levels) contribute
in determining the observed pattern of macroinvertebrate
assemblage (2-way PERMANOVA F>5.432 and p <0.05 in
all cases). The results also showed a significant effect of the
interaction terms (F'=3.762, p=0.032), with both leaf litter
types and environmental conditions affecting the abundance
and biomass of sampled macroinvertebrates (Table 4).

4 Discussion

The main result was that the donor-controlled commu-
nity responded better, in terms of loss of palatable frac-
tion (excluding leaching and recalcitrant roles), on native
resources than on exotic resources.

@ Springer
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Table 3 Leaching and macrozoobenthic consumption activities at Tarquinia saltworks

Experimental ~Salinity annual Plant detritus % remaining leaf litter
conditions values (psu) resource 2
(mean + sd) Apr (33 days) May (70 d) Jun (101 d) Jul (122 d) Sep (181 d) k value (R°)
After leaching 43.41+3.39  Phragmites  77.337 58.601 54.451 36.959 22.792 0.008 (0.9722)
activity (=Native) (+3.786) (£2.465) (+£3.392) (£2.779) (+£5.704)
Eucalyptus  86.656 76.413 58.870 55.006 27.536 0.006 (0.914)
(=Exotic) (+1.628) (+2.349) (+7.053) (+2.738) (+6.894)
52.64+6.01  Phragmites  86.889 75.059 58.274 46.667 35.316 0.006 (0.9737)
(+£3.234) (+5.513) (+2.660) (+2.421) (+2.642)
Eucalyptus  89.989 82.580 75.233 52264 48.305 0.004 (0.8894)
(+1.643) (+2.193) (+1.886) (+2.767) (+2.256)
After leaching 43414339  Phragmites  76.441 57.2928 33473 24.001 10.312 0.012 (0.9677)
and macro- (+3.252) (+2.3731)  (£2.8375)  (+3.2084)  (+0.605)
zoobenthic Eucalyptus ~ 82.831 74.968 55.821 40.837 22.859 0.007 (0.9324)
consump- (+£3.966) (+2.266) (+4.223) (+£10.496)  (+1.4204)
g"n AV 57644601  Phragmites  82.219 74.397 50.017 40.761 34.973 0.006 (0.9447)
e (+2911) (+6.983) (+9.559) (+3.115) (+3.162)
Eucalyptus  88.348 80.502 73.686 52.004 48.102 0.004 (0.9058)
(+4.429) (+4.331) (+4.711) (+4.837) (+£1.737)
After leaching 144.55+22.07 Phragmites  92.368 91.114 89.225 75.876 71.524 0.002 (0.8877)
activity (+0.,969) (+1.587) (+2.214) (+2.249) (+1.869)
Eucalyptus  97.526 96.729 95.846 83.862 76.157 0.002 (0.8248)
(+0.673) (+1.563) (+2.115) (+1.949) (+2.387)
160.27+43.42 Phragmites  94.367 94.02 81.833 80.017 75.753 0.002 (0.9205)
(+4.041) (+1.745) (+0.648) (+0.700) (£0.568)
Eucalyptus  98.942 93.071 91.532 90.028 77.532 0.001 (0.9127)
(+0.515) (+6.94) (+1.062) (+5.777) (+3.054)
After leaching 144.55+22.07 Phragmites  90.409 85.787 75.482 70.343 70.292 0.002 (0.8987)
and macro- (+7.205) (+£2.709) (+14.993)  (+5.864) (+1.753
zoobenthic Eucalyptus  95.566 93.179 73.190 72.362 70.414 0.002 (0.8387)
consump- (+2.943) (+1.994) (+£4.610) (+8.373) (+8.052)
EZ;‘ AUV 160.07+43.42 Phragmites  92.944 91.787 79.008 75.361 70.292 0.002 (0.9417)
(+0.886) (+1.614) (+3.060) (+8.417) (+3.935)
Eucalyptus  93.894 92.596 88.382 84.855 72.659 0.002 (0.9363)
(+0.554) (+1.107) (+1.022) (+2.867) (+4.949)

Initial weight (W,)) and weight at time ¢ (W,) (in %) of native and exotic leaf detritus after 0, 33, 70, 101, 122, and 181 days in water. Mean
(£ SD, with n=4) are shown. In the last column, cumulative breakdown rates (k, day"') with R? are also listed

In particular, comparing the responses of macrozooben-
thic assemblages to the different salt stress conditions and
resources, we obtained two complex patterns: one denoting
changes in structuring process (abundance and biomass mac-
rozoobenthic assemblages) and another denoting change in
donor functionality (reduction of palatable fraction, increase
of recalcitrant and leaching fractions; Fig. 2).

When considering the characteristics at community level
(total richness, abundance and biomass), the macrozooben-
thic assemblages responded showing highest values at low
salt stress conditions, then simplifying their structure in
stressed conditions of high salinity.

When increasing the salinity, the native detritus was
colonized by a higher abundance of macroinvertebrates
than the exotic detritus, according to Alonso et al. (2010)
and Stiers et al. (2011). In a previous experimental work
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(Cerfolli et al. 2013), we observed two different thresh-
olds in macrozoobenthic assemblages: between about 44
and 50 psu and between 50 and 87 psu, respectively. The
first threshold was due to a qualitative turnover in taxon
composition between assemblages, the second threshold
was due to a quantitative change in taxon richness (lower
in pools with higher salinity: i.e. > 50 psu).

Even in this experimental work, concerning the palat-
able fraction, a threshold (52.64 +6.01 psu), immediately
close to the values just higher than the marine water, was
for feeding activity of macroconsumers. This barrier seems
to overcome by hyper-specialists to withstand conditions
of high salinity or able to tolerate such stressed condi-
tions for reproductive reasons or by slowly consumption
of the plant detritus, regardless of its origin (native or
exotic substrates).
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Table 4 Species biomasses of the detritus-based macrozoobenthic assemblage in the four sampling pools (from P1 to P4), ordered by plant detri-
tus substrates (N =native and E =exotic leaf detritus) at Tarquinia saltworks

P1 P2 P3 P4

P1 P2 P3 P4

Salinity annual
values (psu)

43.41+3.39 52.64+6.01 144.55+22.07 160.27+43.42 43.41+3.39 52.64+6.01 144.55+22.07 160.27+43.42

Taxa Trophic group  Macrozoobenthic biomasses (AFDW g) Macrozoobenthic abundances (n)
N E N E N E N E N E N E N E N E

Hydrobia Grazer and 1.232 1.209 5435 2.769 0.000 0.000 0.000 0.000 109 107 481 245 0 0 O O
(complex) detritus
acuta feeder
Gammarus Shredder 0.067 0.126 0.000 0.002 0.000 0.000 0.000 0000 56 1050 2 0 0 0 O
aequicauda
Idotea balthica Detritivore 0.087 0.064 0.005 0.009 0.000 0.000 0.000 0.000 19 14 1 2 0 0 0 o0
Cerithium Grazer and 1.275 1.020 0.000 0.000 0.000 0.000 0.000 0000 15 12 0 0 0 O O O
vulgatum detritus

feeder
Chironomus Collector 0.006 0.006 0.086 0.027 0.067 0.007 0.136 0.130 8 8 108 34 84 9 170 162
salinarius
Chironomus sp. Collector 0.002 0.002 0.000 0.000 0.000 0.000 0000 0000 2 2 0 0 0 0 O0 O
(larvae)
Haliplus sp. Carnivore 0.030 0.091 0.030 0.030 0.060 0.030 0.091 0.030 1 3 1 1 2 1 3
Nereis diversi-  Carnivore 0.046 0.046 0.000 0.000 0.000 0.000 0.000 0.000 1 1 o o o o0 o0 o0
color
Stratiomys sp.  Detritivore 0.021 0.000 0.000 0.000 0.000 0.000 0.000 0.000 1 o o o0 o0 o0 0 O
Perinereis Carnivore 0.000 0.219 0.000 0.000 0.000 0.000 0.000 0.000 O 5 0 0 O O 0 O
cultrifera
Stylochus sp. Carnivore 0.000 0.002 0.000 0.000 0.000 0.000 0000 0000 0 2 0 0 0 0 O0 O
Cerastoderma  Collector 0.000 0.000 0.122 0.000 0.000 0.000 0.000 0.000 O o 2 o0 0 0 0 O
glaucum filterer
T50 (days) 57.76 99.02 115.52 173.29 346.57 346.57 346.57 693.15
Total richness 9 10 5 5 2 2 2 2
(S)
Total bio- 2.767 2.786 5.679 2.838 0.128 0.037 0.227 0.160
masses
(AFDW g)
Total abun- 212 269 593 284 86 10 173 163
dances (N)

Number of days to lose 50% of initial litter mass (T50) for each detritus type, total taxa number (S), total abundance of individuals (N) and total
biomass (AFDW g) in the four pools, ordered by plant detritus substrates, are also reported. Trophic group for each species is reported

When considering the trophic consumption, the macro-
zoobenthic assemblages showed an immediate reduction
in their activity transferring from marine water conditions
to pools with progressively higher salinity. This pattern
was similar on both the resources (native and exotic leaf
detritus).

At very high level of salinity, detritus resources are
not easily available due to their physical degradation (salt
encrustation) and, therefore, the trophic consumption
by macrozoobenthic assemblage is strongly affected. In
these extreme conditions, the exotic detritus represents a
food surrogate available for these structurally simplified
assemblages.

A change in salinity represents a natural or human-
induced disturbance (sensu Sousa 1984; White and Pickett
1985; Petraitis et al. 1989; Dornelas et al. 2011; for a review
on disturbance ecology: Battisti et al. 2016). In particular, at
macrozoobenthic assemblage level, when salinity increases
a shortening of the food chains tend to be evident, with a
disruption of production, competition and other benthic pro-
cesses (Por 1980).

At our scale of study, the patterns observed apparently
did not generally match with the intermediate distur-
bance hypothesis (Wilson 1994; Collins and Glenn 1997;
Mackay and Currie 2001; Roxburgh et al. 2004); i.e. we
did not observe a peak of structure complexity or higher
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Fig.2 Relative recalcitrant,
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consumption rates at intermediate level of salinity. Only the
pattern of structure of assemblages on native resource appar-
ently showed a peak in intermediate conditions (52.64 +6.01
psu) likely due to the use of the leaf detritus as site for egg
deposition (Hydrobia complex acuta) rather than for feed-
ing activities.

These results suggest that the exotic leaf detritus, char-
acterized by a low rate of decomposition and reduced palat-
ability, can be an excellent analytical probe to increase the
predictive power of ecological responses of macrozooben-
thic assemblages subjected to salt stress conditions.

Humans may actively change the wetland salinity, e.g.
altering the hydroperiod (e.g., through the creation of dry
wilderness areas or inappropriate water management pol-
icy), so having synergistic effect on diversity of invertebrate
communities, including some keystone species (Waterkeyn
et al. 2010). In this work, we highlighted how these effects
are evident also at structural and functional level. Moreo-
ver, we observed a counter-intuitive response of macro-
zoobenthic assemblages to an exotic trophic resource that
was more consumed in hyperaline conditions compared to
a native resource. This may have implications for conser-
vation of altered wetlands. In coastal transitional aquatic
ecosystems characterized by a disturbance due to a natural
or human-induced hyper-salinity, these stressed conditions
may affect the trophic quality of native resource, thereby
resulting unavailable for the structurally simplified macro-
zoobenthic assemblages (Bonsdorff and Pearson 1999; Lee
2008; Dolbeth et al. 2011). Since this complex assemblage
represents a strategic trophic basic level in wet ecosystems,
this structural simplification and the consequent low native
resource consumption could have cascade effects at higher
trophic levels (primary and secondary consumers and preda-
tors, mainly wetland-related birds; Brawn et al. 2001; Herbst
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2006). In this context, an exotic resource as the leaf-detritus
of Eucalyptus, may represent a trophic surrogate that allows
maintenance of remnant and highly dominated macrozoo-
benthic assemblages. Although these disrupted assemblages
are often collapsed in terms of their structure (few species,
high concentration of dominance, low diversity; e.g. Helmus
et al. 2010), they represent a basic trophic level for higher
consumers (migratory birds, Aphanius fasciatus, etc.; e.g.
Vizzini and Mazzola 2008; Wollheim and Lovvorn 1995).

Before the scenarios of rising sea levels and the result-
ing salinization of transitional aquatic ecosystems, the eco-
logical role of exotic plant species tolerant to salt and the
effects of the input of alien plant detritus on donor-controlled
trophic structures, are interesting research topics. Use of
the detritus of exotic plants to collect data on structural
and functional changes of macrozoobenthic assemblages
might be useful to manage the biodiversity in many aquatic
ecosystems (e.g. de Souza et al. 2010). Moreover, the dif-
ferent average concentrations—on an annual scale—of the
salinity values observed during the experiment, at the four
sampling sites, represent, in a predictable perspective, what
could happen to the macrozoobenthic communities, in the
different succession scenarios that would be plausibly verify
due to the effects of climate change (i.e. increase in tempera-
ture). In previous works in the area, the driving force that
structures the macrozoobenthic communities seems to be
precisely salinity (Cerfolli et al. 2013). One of the effects of
the increase in salinity is a simplification of the macrozoo-
benthic communities both in terms of species and biomass
(Cerfolli et al. 2013).

The collected data provide some interesting indications
on the role played by Eucalyptus trees, extremely wide-
spread in Mediterranean reclamation landscapes. Eucalyp-
tus trees are often considered a foreign element and have
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recently undergone cutting and removal, even in the context
of projects carried out in Europe (LIFE13 NAT/IT/000471;
LIFE13 BIO/ES/001407: https://ec.europa.eu/environment/
life/project/Projects/index.cfm). In this regard, in salt coastal
areas deprived of the original vegetation, even the presence
of exotic species can play a strategic ecological role. There-
fore, the present results add important information to the
critical debate about the paradoxical role of non-native spe-
cies in complex ecosystems (Schlaepfer et al. 2012; Battisti
et al. 2018; Schlaepfer 2018; Pauchard et al. 2018).
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