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Seasonal fluctuations attenuate
stimulatory or inhibitory impacts
of colonial birds on abundance,
structure and diversity of soil biota

Stanislav Pen-Mouratov* and Tamar Dayan

School of Zoology and the Steinhardt Museum of Natural History, Tel Aviv University, Tel Aviv, Israel

Soil microorganisms and free-living nematodes were investigated in association
with the nesting and roosting habitats of the following piscivorous and omnivorous
colonial birds: black kite (Milvus migrans), great cormorant (Phalacrocorax
carbo), black-crowned night heron (Nycticorax nycticorax) and little egret
(Egretta garzetta), in Israel's Mediterranean region. Abiotic variables, abundance,
trophic structure, sex ratio and genus diversity of soil free-living nematodes, and
total abundance of bacteria and fungi, were measured during the wet season,
following our previous study conducted during the dry season. The observed soil
properties were important drivers of soil biota structure. Presence of the most
efficient elements for soil organisms, such as phosphorus and nitrogen, was
strongly dependent on the diet of the compared piscivorous and omnivorous
bird colonies; levels of these nutrients were notably higher in the bird habitats
than in their respective control sites during the study period. Ecological indices
showed that the different species of colonial birds can have different (stimulatory
or inhibitory) impacts on abundance and diversity of the soil biota, affecting the
structure of the soil free-living nematode population at the generic, trophic and
sexual levels during the wet season. A comparison with results from the dry season
illustrated that seasonal fluctuations can change, and even attenuate the effect
of bird activity on the abundance, structure and diversity of the soil communities.

bird nesting area, bird roosting area, soil biota, soil nematode diversity, bird dropping,
seasonal variation

1. Introduction

Increasing allochtonous matter in birds’ nesting and roosting habitats has attracted the
attention of researchers in the last decade (Anderson and Polis, 1999; Klimaszyk and Rzymski,
2013). Through the transport of minerals and nutrients in their guano, birds can be vital resource
linkers, significantly affecting ecosystem functioning (Lundberg and Moberg, 2003; Fedriani et al.,
2016). As an example, Murphy (1981) estimated that worldwide, seabirds transfer 10*~10° tons of
phosphorus (P) from sea to land annually via their guano. Bird feces have a noticeable impact on
the environment, which can be felt thousands of kilometers away from the original source of the
nutrients (Post et al., 1998; Ellis, 2005; Zmudczyniska et al., 2012). In addition, seasonal effects may
significantly alter the impact of animal activity on soil properties and soil communities
(Pen-Mouratov et al., 2019). Our previous investigation showed that soil properties and external
environmental factors have a seasonal effect on the abundance and diversity of soil biota, as well
as on microbial biomass and activity of soil microorganisms and their predators, the free-living
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nematodes (Pen-Mouratov et al., 2011). Moreover, soil property
composition may be relatively uniformly distributed spatially and
temporally throughout the wet season, with increasing and relatively
high heterogeneity toward the dry season; this, in turn, reflects the
structure and distribution of soil inhabitants (Pen-Mouratov et al.,
2006). Information on the effects of colonial birds’ droppings on
nematodes seems to be limited for many of the worlds regions,
including the Mediterranean area of Israel; moreover, these effects have
scarcely been examined from a seasonal point of view, leaving many
open questions (Veresoglou et al., 2015). Approximately 500 million
migratory birds annually find a temporary rest area in Israel (Yom-Tov
et al,, 2012; Krumenacker, 2013). This enormous number of birds has a
significant effect on the soil biota (Pen-Mouratov and Dayan, 2019).
Moreover, numerous studies have illustrated that soil microorganisms,
along with soil free-living nematode communities, are among the best
biological tools for assessing soil disturbances (e.g., Bongers, 1990;
Pen-Mouratov et al., 2019) and play a key role in soil processes
(Coleman and Hendrix, 2000).

The present study, conducted during the wet (WW) season,
follows a previous one conducted during the dry (DH) season
(Pen-Mouratov and Dayan, 2019). The same colonial bird species’
habitats were examined in both studies for their impact on soil
microorganisms and soil free-living nematodes; only the season
differed. The current study was aimed at determining seasonal
fluctuations in the impact of excrement from different bird species.
We hypothesized that seasonal fluctuations can change this impact
(through changes in soil properties) on the abundance, structure and
diversity of the soil microbial and free-living nematode communities.
We further hypothesized that the wet season might even attenuate the
impact of bird droppings on soil biota.

2. Materials and methods
2.1. Study site and location

The research area is located next to the Mediterranean Sea between
the northern (32°33'25.834"N-34°55"32.476"E, Google Earth, 2015)
and southern (31°26"23.897"N-34°27"30.622"E, Google Earth, 2015)
points of the Mediterranean region of Israel. Israel’s area stretches
424km from north to south, and its width ranges from 114km (widest
point) to 15km (narrowest point). The northern and coastal regions of
Israel are characterized by hot, dry summers and cool, rainy winters,
whereas the southern and eastern areas are characterized by an arid
climate. Average annual rainfall varies between <100 mm in the extreme
south to about 1,100mm in the north. Four different sites representing
colonies of four different colonial birds with different dietary habits: (a)
the black-crowned night heron, the little egret and the great cormorant
(piscivorous — mainly fish eating) and (b) the black kite (omnivorous —
broad, carnivorous diet Mebs and Schmidt, 2006; Laviad-Shitrit et al.,
2017), were observed during the wet-warm (this study) and dry-hot
(Pen-Mouratov and Dayan, 2019) periods of the year.

2.2. Sampling
The middle of each colony with an accumulation of observed

birds (from 10 to 45 individuals per tree, on average) was chosen for
soil sampling during the wet warm season of 2016, as the most
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favorable period for soil biota. Control sites, which had never been
inhabited by the observed colonial birds, were selected close to the
bird habitat sites. In each study area, four random 5m x 5m plots
were chosen for soil sampling. Each soil sample, which consisted of
five subsamples, was collected using a steel soil sampler (¢=10cm).
Four random soil samples from the upper soil layer (depth of 0-5cm)
and four from the deeper soil layer (5-10 cm) were collected from the
bird habitat (BH) sites and the corresponding control (CO) sites in
the four sampling stations, giving 4 X 2 X 4 x 2 =64 soil samples for the
wet period. Added to the 64 samples from the dry period
(Pen-Mouratov and Dayan, 2019), a total of 128 samples
were compared.

2.3. Laboratory analysis

The collected soil samples were used for the following analyses:
soil moisture was determined by oven-drying method (105°C, 48h)
to a constant weight; soil pH and electrical conductivity (EC, pS cm™)
were measured in soil extracts (1:2 soil-to-water ratio); soil chemicals
were measured using the following standard methods: NO;, by
ultraviolet spectrophotometry (Norman and Stucki, 1981); NH,, by
calorimetric method (Grayer and Halmann, 1984); P by Murphy and
Riley’s (1962) method; colony-forming units (CFU) of fungi and
bacteria by plate count method (Pen-Mouratov et al., 2014). The soil
free-living nematodes were extracted from 100-g soil samples using
the Baermann funnel procedure (Cairns, 1960; van Bezooijen, 2006).
The nematodes were counted, mounted in glycerin (Peraza-Padilla
etal, 2017) and identified using a compound microscope (Bongers,
1994; Andrassy, 2009).

2.4. Ecological indices and statistical
analysis

The seasonal impact of colonial birds on the abundance, structure,
and diversity of soil nematode communities was assessed using the
following parameters and ecological indices: (1) total number of
nematodes per 100g dry soil; (2) abundance of trophic nematode
groups: bacteria-feeding, fungi-feeding, plant-parasitic and omnivore-
predator; (3) trophic diversity, TD = (1/ZPi?) (Heip et al., 1988); (4)
Simpsons dominance index, Dom=(ZPi?) (Simpson, 1949); (5)
Shannon-Weaver index, H = [—XPi (InPi)] (Shannon and Weaver,
1949); (6) modified maturity index, MMI = (Zvi fi/n) (Bongers, 1990;

Jasilewska, 1994; Yeates, 1994); (7) species richness, SR=[(S-1)/
In(N)] (Yeates and King, 1997); (8) basal index, BI=100x (b/b+e+s)
(Ferris et al., 2001, 2004); (9) structure index, SI=100x [s/(s+b)]
(Ferris et al., 2001, 2004); (10) enrichment index, EI=100x [e/(e +b)]
(Ferris et al., 2001, 2004); (11) Wardle-Parkinson change index,
V=[(2dBH/(dBH+dCO))—1], with BH=bird habitat and
CO=control (Wardle and Parkinson, 1991).

All data were subjected to statistical analysis of variance (ANOVA)
using the following SAS models: GLM, Duncan’s multiple-range test,
nonparametric Kruskal-Wallis test and Pearson correlation coefficient
were used to assess dissimilarity in soil variables between the bird
habitat and the corresponding control areas during the observed
seasons (SAS, 1988). Differences with p<0.05 were considered
significant. Multivariate redundancy analysis (RDA) was used to
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obtain additional data on the differences between the compared
variables (CANOCO Program, Version 4.54, October 2005 - written
by ter Braak (©)1988-2005; ter Braak and Prentice, 1996).

3. Results
3.1. Soil properties

During the observed wet period, no significant differences
(p>0.05) were found in soil moisture content between the inhabited
sites and their respective control sites, except for the little egret habitat
(both soil layers) and black-crowned night heron habitat (deeper soil
layer; Table 1). Soil pH showed lower values in all of the observed
inhabited areas, except for the black kite habitat, where pH was
significantly higher compared to its control site (Table 1). Soil EC was
higher in all bird-inhabited vs. control sites in the two soil layers,
except for black-crowned night heron (deeper soil layer; Table 1). Soil
NO; and NH, contents were lower at all control sites vs. their
respective bird-inhabited sites (except NH, for the deeper soil layer of
the black kite site; Table 1).

3.2. Colony-forming units of fungi and
bacteria

During the wet period, the differences in bacterial CFU in the
upper soil layer between all bird-inhabited and control sites (except
for black-crowned night heron) were significant (Table 1). However,
in the deeper soil layer, bacterial CFU differed between bird-inhabited
and control sites only for the great cormorant and black kite (Table 1).
Fungal CFU differed between bird-inhabited and control sites for the
great cormorant and black kite in both soil layers, and for the black-
crowned night heron in the deeper soil layer (Table 1). Fungal CFU
were higher in the control vs. bird-inhabited sites for the great
cormorant in both soil layers, whereas at the other observed sites,
fungal CFU were either higher or not different in the bird-inhabited
vs. respective control site (Table 1).

Bacterial CFU showed no correlation with soil moisture content
during the observed wet period, whereas fungal CFU was negatively
correlated with soil moisture values in the great cormorant and black-
crowned night heron control areas (Table 2). Bacterial and fungal CFU
were negatively correlated with pH values in the following areas: for
bacteria - little egret habitat and great cormorant habitat, and for
fungi - great cormorant habitat. The number of bacteria was positively
correlated with EC in the little egret and great cormorant habitat areas
(Table 2). The number of fungi was correlated with EC in the black-
crowned night heron control area (Table 2).

Bacterial and fungal CFU demonstrated the following positive
correlations with NH, during the wet period: for bacteria - little egret
habitat, great cormorant habitat and black-crowned night heron
habitat; for fungi - little egret habitat, little egret control and black kite
habitat. No correlation between bacterial CFU and NH, was found at
the control sites (Table 2). Bacterial and fungal CFU were positively
correlated with NO; in the following areas: for bacteria - little egret
habitat, great cormorant habitat, great cormorant control site, and
black kite control site; for fungi — great cormorant habitat, great
cormorant control site and black kite habitat (Table 2). The observed
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microorganisms showed a positive correlation with P in the following
bird-inhabited areas: bacteria - little egret and black-crowned night
heron (Table 2); fungi - little egret, great cormorant and black kite
(Table 2). In addition, the number of bacteria was positively correlated
with P in the great cormorant and black-crowned night heron control
sites (‘Table 2).

The Wardle-Parkinson change index revealed both stimulatory
and inhibitory effects of the observed birds on soil microorganisms in
the study area during the wet period (Table 3). Among the observed
colonial birds, great cormorant activity had the strongest inhibitory
effect on soil microorganisms (Table 3). Little egret exerted a
stimulatory or neutral effect (Table 3). Black-crowned night heron and
black kite colonies had mainly positive effects on soil microorganisms
(Table 3).

3.3. Nematode community structure

During the wet period, total number of nematodes was higher in the
little egret (upper soil layer) and great cormorant (deeper soil layer)
habitats, but did not differ for the other observed sites (Table 1). Total
number of nematodes was negatively correlated with soil moisture (great
cormorant control site) and positively correlated with bacterial CFU
(black kite control site), fungal CFU (black-crowned night heron
habitat) and NO, (black kite control site; Table 2). As with the soil
microorganisms, the Wardle-Parkinson change index revealed both
stimulatory and inhibitory effects of the observed birds on total number
of nematodes (Table 3). Only black kite exerted an inhibitory effect on
the total number of nematodes in the deeper soil layer; the great
cormorant and black-crowned night heron had a stimulatory effect in
both soil layers, and little egret had a stimulatory effect in the upper soil
layer (Table 3).

We identified 61 nematode taxa in the present study: 21
belonged to the bacteria-feeding trophic group, 7 were fungi-
feeding nematodes, 15 were plant-parasitic nematodes, and 18
(Table 4).
Panagrolaymus and Mesorhabtidae dominated during the wet

were omnivore-predator nematodes Moreover,
period (Table 4). Along with the total number of nematodes, bird
activity was found to affect the trophic and sexual structure of the
nematode community (Figure 1).

The data obtained during the wet period showed significantly
higher mean amounts of bacteria-feeding nematodes in the upper soil
layer of the little egret habitat (one-way ANOVA, p <0.05) than in the
other observed sites with no differences between bird and control sites
in the deeper soil layer (Figure 1). The total number of fungi-feeding
nematodes was significantly higher (one-way ANOVA, p<0.05) in the
deeper soil layer of the great cormorant habitat vs. control sites
(Figure 1). The total number of omnivore-predator nematodes only
showed differences between comparable sites (one-way ANOVA) in
the upper soil layer for little egret control site vs. habitat (p <0.05;
Figure 1). However, Kruskal-Wallis nonparametric test (p<0.05)
revealed effects of bird activity on the plant-parasitic and omnivore-
predator nematodes as well (black kite habitat and great cormorant
habitat, upper soil layers; Figure 1). In addition, bacteria-feeding
nematodes showed a negative correlation with soil moisture (great
cormorant control site) and a positive correlation with EC (little egret
habitat and black-crowned night heron control site), NO; (little egret
habitat) and fungal CFU (black-crowned night heron habitat),
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TABLE 1 Changes in soil properties and abundance of soil biota in colonial birds’ habitat and control sites during the wet period.

Bird species Location Bacteria Nematodes
Upper soil layer

Little egret Bird habitat 7.57 £ 1.7%%% 7.45+0.04%%* 2.12+0.37%%%* 4.46+0.6%%* 5.06+0.3%%* 65.63 £2.9%%* 24.87 £5.4% 9.10+£3.7 1124.63 +£796.3<"*

Little egret Control site 28.02+3.8 7.94£0.05 0.50+0.06 0.71£0.3 0.18+0.05 17.43+£6.5 14.61+5.2 5.08+0.6 232.14£111.9

Black-crowned

night heron Bird habitat 16.12+2.0 7.65+0.03%%** 1.28+0.24%% 9.27.40.7%%% 1.29+0.08%#* 40.42+£0.99%%* 21.75+£3.3 13.13+6.3 611.68+684.9

Black-crowned

night heron Control site 24.45+8.5 7.95+0.06 0.62+0.18 0.89+0.02 0.07£0.02 17.89+4.4 18.84+11.2 6.34+2.3 367.97+263.4

Great cormorant Bird habitat 29.86+6.9 6.20+0.36%** 3.82£0.23%%* 11.55+1.07%%* 2.93 +0.4%%* 59.21+6.8%* 9.18 £ 1.6%* 0.98 +0.2%%* 2019.79+1487.3

Great cormorant Control site 21.07+8.2 7.97+0.12 0.57+0.08 5.62+0.6 0.4+0.26 31.22+5.5 24.44+4.2 6.09+1.5 745.95+690.7

Black kite Bird habitat 11.35+6.4 8.36+0.31 * 0.47 +0.09* 2.74+0.08%%#% 0.63 £0.06%%* 32.20+2.19%%* 10.46 +5.33* 0.94+0.2%% 223.6+96.1

Black kite Control site 6.81+£3.9 7.97£0.02 0.33+0.04 0.06+0.01 0.06+0.02 12.71+£0.74 2.72+£0.91 0.34+0.1 674.5+£690.1
Deeper soil layer

Little egret Bird habitat 9.83+3.0% 7.71+0.06%* 0.82+0.13%* 1.12+£0.3%% 0.52 4 0.55"* 36.12+3.4%%% 9.58+2.1 2.64%1.1 340.21+£82.6

Little egret Control site 26.67+9.8 7.91+£0.03 0.41+0.08 0.21+0.07 0.02+0.004 6.80+4.1 8.28+1.8 2.28+0.5 579.76 +369.4

Black-crowned

night heron Bird habitat 18.81 +4.8%%* 7.94%0.09% 0.88+0.32 1.67 £0.46%* 1.13£0.027%%%* 19.61+£0.8%%* 15.01+3.5 11.50 +£4.9% 387.87+426.9

Black-crowned

night heron Control site 31.06+1.8 8.10£0.04 0.63+0.04 1.44+0.08 0.004£0.0002 9.76 £4.3 14.90+7.4 4.88+1.3 244.44+61.1

Great cormorant Bird habitat 31.57+10.9 7.10+0.17%%% 1.77 £0.18%%% 8.10+0.64%** 0.29+0.03%** 39.37£8.2%* 2.35+2.0%% 0.68 0.2 866.66 + 395.8KW*

Great cormorant Control site 25.90+10.4 8.00+0.10 0.48+0.09 1.44+0.05 0.03+0.02 12.21+2.3 8.90+1.8 2.66+1.8 473.38+94.3

Black kite Bird habitat 8.80+3.3 8.38+0.20%* 0.40 £0.05%* 0.66+0.2%%* 0.036+0.01 16.09 +£4.2% 16.12£5.9%% 0.32+0.1% 305.81+87.4

Black kite Control site 9.21+£3.3 7.93+0.06 0.28+0.02 0.02+0.01 0.02+0.02 8.50+1.8 1.70+0.8 0.11£0.01 431.17+305.8

Soil properties: SM, soil moisture; pH, soil acidity and alkalinity; EC, electrical conductivity (dS/m); NO, nitrate (mg/100g dry soil); NH,, ammonium cation (mg/100g dry soil); P, phosphorus (mg/100g dry soil). Soil biota: bacteria, colony-forming units (CFUs) of
bacteria (B, n x 10° CFU per g dry soil) and fungi (F, n x 10° CFU per g dry soil); nematodes, total mnumber of nematode individuals (per 100 g dry soil). One-way ANOVA, and ¥V, nonparametric Kruskal-Wallis test (*p <0.05; **#p <0.01; ***p <0.001, n =64) are
indicated between all compared differences Boxed values indicate higher values of soil properties and soil biota in the control sites compared to the their corresponding bird habitat.
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TABLE 2 Pearson correlation coefficient between soil properties and soil biota in the birds’ habitats and control sites during the wet period.

Bird

species

Location

Bacteria

Fungi

Nematodes

Male
(nematodes)

Female
(nematodes)

Juvenile
(nematodes)

Little egret Bird habitat pH~ 08tk ECOT, NH, 2%, P07, ECO7t*

NH4O.94** BOBZ**
e " NO30'83*‘ PU,SS**’

FUHZ**
Little egret Control site oS NH,*#*, B* SM 073
Black- Bird habitat NH, 7%, po7es o7 P
crowned
night heron
Black- Control site po7ix BC084kk  G\V~082: ECO73#
crowned
night heron
Great Bird habitat pH 080 ECO86 pH 07t pos
cormorant NH, %% NO,*” NO,*”
Great Control Site NO;U'Ql**, P0483>k) N030,73*) B0.90>k*’ SM—0473* F0475*) SM—O.M**) SM—O.SS**
cormorant F0.9()** SM—0.75* pH—Uvsl*
Black kite Bird habitat NH4%1#% NO,*70%,
P(LSS**

Black kite Control Site NO;OBZ** N030v77*» BU,Q()** EC(]'SG** NO;OJZ*, B0.9l>k* NO30.76*) BO.BS**

Soil properties: SM, soil moisture; pH, soil acidity and alkalinity; EC, electrical conductivity (dS/m); NO;, nitrate (mg/100 g dry soil); NH,, ammonium cation (mg/100g dry soil); P,
phosphorus (mg/100 g dry soil). Soil biota: bacteria — colony-forming units (CFUs) of bacteria (B, n x 10° CFU per g dry soil) and fungi (F, n x 10° CFU per g dry soil); nematodes - total
mnumber of nematode individuals (per 100 g dry soil). *, ** Correlation coefficients significant at p <0.05 and 0.01, respectively (n=64).

TABLE 3 Wardle-Parkinson change index (V) indicates effects of nesting birds’ droppings on abundance of soil biota during the wet period.

Soil biota

Bacteria Upper soil layer SS(0.27) SS (0.14) MS (0.54)
- Deeper soil layer NC (0.07) NC (0.05) ES (0.80)
Fungi Upper soil layer SS (0.25) SS (0.31) MS (0.47)
B Deeper soil layer NC (0.05) MS (0.36) MS (0.45)
Nematodes Upper soil layer ES (0.66) MS (0.46) SS (0.25)
- Deeper soil layer _ SS (0.29) SS (0.23)

All negative values in this table are marked with a dark background. Soil biota: bacteria - colony-forming units (CFUs) of bacteria (B, nx 10° CFU per g dry soil) and fungi (F, nx 10°CFU per g dry soil);
nematodes - total mnumber of nematode individuals (per 100g dry soil). Bird species: bird 1, little egret (Egretta garzetta); bird2, black-crowned night heron (Nycticorax nycticorax); bird 3, great
cormorant (Phalacrocorax carbo); bird 4, black kite (Milvus migrans). Warde-Parkinson change index values: EI, extreme inhibition (V< —0.67); MI, moderate inhibition (=0.33>V>—0.67); SI, slight
inhibition (—0.05> V>—0.33); NC, no change; (—0.05< V'<0.05); SS, slight stimulation (0.05 < V'<0.33); MS. Moderate stimulation (0.33 < V<0.67); ES, extreme stimulation (V>0.67).

whereas fungi-feeding nematodes only showed a positive correlation
with NH, in the control sites; plant-parasitic nematodes showed a
negative and positive correlation with soil moisture (black-crowned
night heron control site and black kite control site, respectively) and a
positive correlation with bacterial and fungal CFU (black kite control
site and black-crowned night heron control site, respectively), whereas
omnivore-predator nematodes showed a positive correlation only with
bacterial CFU and NOj in the black kite control site and a negative
correlation with NH,, P (little egret habitat), NO; (little egret habitat
and control site, great cormorant control site and black kite control
site), bacterial CFU (great cormorant control site and black kite
control site) and fungal CFU (great cormorant habitat).

Twenty-five and thirty-three nematode species, mainly from
the bacteria-feeding and fungi-feeding trophic groups, were
correlated with soil properties in the bird habitats and control
sites, respectively (Table 4). In other words, there were notably less
correlation events between soil nematodes and soil properties in
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the bird habitats vs. control sites. Furthermore, there were
differences in the negative correlation events between soil
nematodes and the observed chemicals at the study sites, with a
higher number of negative correlation events in the control sites
vs. bird habitats (Table 4). In addition, Acrobeloides showed a
negative correlation with soil moisture, whereas Acrobeles,
Mesorhabtidae and Longidorella were positively correlated with
soil moisture in the bird habitats; Tylenchorhynchus, Discolaimoides
and Nygolaimus showed a negative correlation with soil moisture,
whereas Prismatolaimus and Longydorus showed a positive
correlation with soil moisture in the control sites (Table 4).
Mesorhabtidae, Panagrolaimus, Ditylenchus, Nothotylenchus and
Longidorella in the bird habitat areas, and Eumonhystera and
Mesorhabtidae in the control sites showed a negative correlation
with pH (Table 4). Eumonhystera, Mesorhabtidae, Panagrolaimus
and Nothotylenchus in the bird habitats, and Acrobeloides,
Cephalobus, Cervidellus, Chronogaster and Metoteratocephalus
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FIGURE 1

groups of nematodes: ML, male; FL, female; JV, juvenile.

Changes in trophic groups and sex ratio of soil free-living nematodes in colonial birds’ habitat (BH) and control (CO) sites during the wet period. Bird
species: LE, little egret (Egretta garzetta); NH, black-crowned night heron (Nycticorax nycticorax); GC, great cormorant (Phalacrocorax carbo); BK,
black kite (Milvus migrans). Trophic groups of nematodes: BF, bacteria-feeding; FF, fungi-feeding; PP, plant-parasitic; OP, omnivore-predator. Sex
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showed a positive correlation with EC in the control sites (Table 4);
Chiloplacus, Dolichorhynchus, Meloidogyna, Tylenchorhynchus,
Tylenchus, Aporcelaimellus, Aporcelaimoides and Discolaimoides
were negatively correlated with EC in the control sites (Table 4).
Negative correlations were found for Tylenchorhynchus with NO;
in the bird habitats and Rotylenchus with P in the control sites
(Table 4). All other correlation events between the nutrients and
the observed soil nematodes were positive (Table 4).

During the wet period, the number of nematode males was
negatively correlated to soil moisture (little egret control and great
cormorant control sites) and pH (great cormorant control site), and
positively correlated to EC (black kite control site) and fungal CFU
(great cormorant control site; Table 2). The number of nematode
females was negatively correlated to soil moisture (great cormorant
control site), and positively correlated to EC (black-crowned night
heron control site), bacterial CFU (black kite control site) and
fungal CFU (black-crowned night heron habitat; Table 2). The total
number of juveniles showed a positive correlation only with
bacterial CFU (black kite control site; Table 2). The observed
elements NO;, NH, and P did not exert any significant effect on the
nematode sex ratio, and only females and juveniles showed a
correlation with NO; (black kite control site) during the wet period
(Table 2).

3.4. Ecological indices
During the wet period, trophic diversity index values were

significantly higher in the upper soil layer of the control site vs.
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bird habitat for little egret, great cormorant and black kite, with
no difference in the deeper soil layer (Table 5). Trophic diversity
index showed positive (black kite-inhabited site) or negative (little
egret control site) correlations with soil moisture, a negative
correlation with EC (little egret habitat), a positive correlation
with fungal CFU at the little egret-inhabited site, and a negative
correlation with fungal CFU (great cormorant habitat), bacterial
CFU (little egret habitat) and the observed nutrients (little egret
habitat; Table 6). Simpson’s dominance index values were
significantly higher only for black kite-inhabited vs. black kite
control sites (Table 5). They showed a negative correlation with
pH (little egret control site; Table 6). Shannon-Weaver index
values were significantly higher only in the upper soil layer of the
control vs. bird sites for little egret and black kite (Table 5). They
only showed a positive correlation to soil moisture (black kite-
inhabited and black kite control sites) and were negatively
correlated with bacterial CFU, NH, and P for the little egret
habitat (Table 6). The modified maturity index was higher for little
egret and great cormorant control sites in both soil layers
(Table 5). This index was positively correlated with pH (little egret
habitat), negatively correlated with EC (little egret habitat and
great cormorant habitat), bacterial CFU (little egret habitat and
great cormorant control site), NH, (little egret habitat, little egret
control site and great cormorant habitat), NO; (little egret habitat,
little egret control site, great cormorant habitat and great
cormorant control site) and P (little egret habitat, great cormorant
habitat and control site), and negatively correlated with fungal
CFU (little egret habitat, great cormorant habitat and great
cormorant control site; Table 6). Species richness values were only
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TABLE 5 Changes in values of the ecological indices in the study area during the wet period.

10.3389/fmicb.2023.1080625

Bird species Location TD Dom H’ MMI SR Bl SI El
Upper soil layer

Little egret Bird habitat 1.23% 0.45 1.06 * 1.44%* 0.43* 16.6 17.3% 83.4

Little egret Control site 21 0.19 1.84 2.84 1.71 9.03 87.5 78.2

Black-crowned

night heron Bird habitat 2.01 0.21 1.74 2.96 1.11 16.6 88.4 83.0%

Black-crowned

night heron Control site 2.23 0.15 3.5 2.59 1.13 21.2 40.8 27.6

Great cormorant | Bird habitat 1.27% 0.41 1.08 1.30% 0.47 22.7% 0* 93.1%*

Great cormorant Control site 2.37 0.28 1.42 2.39 1.92 34.1 45.6 314

Black kite Bird habitat 1.49% 0.33KW= 1.22% 222 0.57 % 34.47 39.6 51.5

Black kite Control site 2.04 0.15 2.02 3.42 1.31 13.08 72.2 41.6
Deeper soil layer

Little egret Bird habitat 231 0.18 1.92 2.38%* 1.46 36.69%* 46.0 * 325

Little egret Control site 2.44 0.25 1.85 321 1.58 7.22 92.7 25

Black-crowned

night heron Bird habitat 1.71 0.22 2.33 297 1.01 8.83 86 82.1%

Black-crowned

night heron Control site 1.51 0.29 1.56 2.39 1.01 45.7 48.4 32.4

Great cormorant | Bird habitat 1.89 0.32 1.27 2.24% 0.79 47.4 20.4% 44.0%*

Great cormorant Control site 2.34 0.16 1.73 3.01 1.22 18.9 80.8 3.9

Black kite Bird habitat 1.74 0.29 1.19 2.83 0.61 41.5 58.4 oKW

Black kite Control site 2.29 0.16 2.03 3.09 1.59 21.1 77.6 27.9

Ecological indices: TD, trophic diversity; Dom, Simpson’s dominance index; H’, Shannon-Weaver index; MMI, modified maturity index; SR, species richness; BI, basal index; SI, structure
index; EI, enrichment index. One-way ANOVA, and nonparametric Kruskal-Wallis test (*p < 0.05; *¥p <0.01; *#*p <0.001, n=128) were used to indicate differences between the compared

bird habitat and control sites.

higher in the upper soil layer for little egret and black kite control
vs. inhabited sites (Table 5), and showed a positive correlation
with pH (little egret habitat) and a negative correlation with EC,
bacterial CFU and all observed nutrients in the little egret habitat
(Table 6). Basal index was lower in the upper soil layer of the bird-
inhabited vs. control site for great cormorant, and about five times
higher in the deeper soil layer of the bird-inhabited vs. control site
for little egret (Table 5). Basal index values were negatively
correlated with soil moisture (black kite-inhabited sites), EC (great
cormorant habitat), fungal CFU and NH, (little egret and great
cormorant habitats), negatively or positively correlated with pH
(little egret habitat and black kite control site, respectively) and P
(black-crowned night heron and great cormorant control sites,
respectively), and positively correlated with NO; (great cormorant
control site; Table 6). Structure index values were significantly
higher in both soil layers of the control vs. bird-inhabited sites for
little egret and great cormorant (Table 5). These values were
negatively or positively correlated with soil moisture (black-
crowned night heron habitat and black kite habitat, respectively)
and negatively correlated with bacterial CFU (great cormorant
control site), fungal CFU (great cormorant habitat) and NO,
content (little egret control site; Table 6). The enrichment index
showed higher values for both soil layers of the black-crowned
night heron and great cormorant habitat vs. control sites, and
lower values in the deeper soil layer for the black kite habitat vs.

Frontiers in Microbiology 09

control site (Table 5). This index showed a negative correlation
with pH (little egret habitat and great cormorant habitat), and
positive correlations with bacterial CFU (little egret habitat, and
great cormorant habitat and control site) and fungal CFU (little
egret habitat and control site, black kite habitat) and with NH,
(little egret habitat, great cormorant habitat and black kite habitat),
NO; (little egret habitat, great cormorant habitat and black kite
habitat) and P (little egret and black kite habitats; Table 6).

The ecological indices correlated more often with number of
microorganisms, NH,, and P in the bird-inhabited sites, and with soil
moisture, pH, number of bacteria and P in the control sites during the
wet period (Table 6). Finally, negative correlations prevailed in the
bird-inhabited vs. control sites (Table 6). Statistical analysis showed
that the values of some indices (Simpson’s dominance, basal and
enrichment) were higher in bird-inhabited plots, in contrast to others
(trophic diversity, Shannon, modified maturity, structure) with higher
values in control plots during the wet study period (Figure 2).

3.5. Seasonal differences between dry and
wet (this study) periods

3.5.1. Soil properties

Mean soil moisture content was notably higher for great
cormorant (in the control and inhabited sites) in the wet vs. dry period

frontiersin.org
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TABLE 6 Pearson correlation coefficient between ecological indices, soil properties and soil biota in the birds’ habitat and control sites during the wet

period.
Bird Location TD Dom H’ MMI SR Bl Sl El
species
BO8sHE RO7Lk BOStks
EC-082% NH[MS* BO089%# R-0.75% B082% EC-083% BO86sk BO8Ysk RO74%
thtle egret Bll’d habltat PH0.76*’ BO.BO* P70.78* EC*O.SD*’ PHD.76*) pH0.78*) NH470.77*’pH0.76* ECO.75*’ pro.Sl*’
NH[O‘M**, NH[O‘”**, NH[°'87**,
NO, 08838 NO, 085, NQ, 085 NH, 089,
o o P09k P09k Po93sek NO3°'84**, PO90sksk
SMD,EO*’ NH[DJS*,
Little egret Control site SM 074 pH072# NOQ; 090k NO, 07tk FOs8icx | ECO79%
Black-
crowned night
heron Bird habitat SM-O071
Black-
crowned night
heron Control site po72 ECO71#
Ff0-75*, ECfD-Sl*’ Bo.zs**’ ECO'%**,
Great NH[O 76% B0k ECU75%, pH’O'M*,NHf'gl**’
cormorant Bird habitat Fr072%, NOQ, 0765 P79 NH,076% F072% NOL78
Great B0seks R070k
cormorant Control site NOQ,079% p-073% NO,074%, po74k BO080sk BO78%
Fo.sa**’ NHAO,QE**,
Black kite Bird habitat SM 74 SM 0743 SM085 SMOS4k N,k posts
Black kite Control site SMO73# pH-075%

Soil properties: SM, soil moisture; pH, soil acidity and alkalinity; EC, electrical conductivity (dS/m); NO;, nitrate (mg/100g dry soil); NH,, ammonium cation (mg/100g dry soil); P,
phosphorus (mg/100g dry soil). Ecological indices: TD, trophic diversity; Dom, Simpson’s dominance index; H’, Shannon-Weaver index; MMI, modified maturity index; SR, species richness;
BI, basal index; SI, structure index; EI, enrichment index. *, ** Correlation coefficients significant at p<0.05, 0.01, and 0.0001, respectively (1 =64).

in both soil layers (p<0.001 and 0.004, respectively; Figure 3;
Pen-Mouratov and Dayan, 2019). In addition, soil moisture content
was higher in the control sites for little egret (upper soil layer, p <0.03)
and black-crowned night heron (deeper soil layer, p <0.003) in the wet
vs. dry period, with no differences between compared sites in the
black kite area (Figure 3).

Unlike soil moisture, pH was lower in all of the observed bird-
inhabited sites, except in the dry period for black-crowned night
heron and black kite (Figure 3). Moreover, soil pH was lower for
the little egret-inhabited site in both soil layers (p <0.001 and
p<0.03, respectively) and for the great cormorant-inhabited area
in both soil layers (p <0.001 and p <0.03, respectively) in the dry
vs. wet period, but was higher for the black-crowned night heron
habitat (deeper soil layer, p <0.04; Figure 3). Soil pH was also
higher in the black kite habitat (both soil layers, p<0.03 and
p<0.02, respectively) in the wet vs. dry period (Figure 3).
Furthermore, pH was higher in the little egret control site (upper
soil layer, p<0.0001) and the great cormorant (upper soil layer,
p <0.03; deeper soil layer, p <0.005), but lower for the black kite
control site (deeper soil layer, p<0.01) in the wet vs. dry period,
with no differences between compared sites in the other bird areas
(Figure 3).

Compared to the dry period, the EC values during the wet period
were lower in the black-crowned night heron habitat (both soil layers,
p<0.0003 and p <0.0001, respectively), black kite habitat (upper soil

Frontiers in Microbiology

layer, p<0.03) and little egret habitat (deeper soil layer, p<0.001;
Figure 3). EC was higher in the little egret control site (upper soil layer,
Pp<0.04") in the wet vs. dry period, but lower in the great cormorant
control site (upper soil layer, p<0.03; Figure 3).

NO; content was higher in all observed sites (p <0.05), except for
the little egret control site (deeper soil layer) and the black-crowned
night heron control site (deeper soil layer), in the dry vs. wet period
(Figure 3). Similarly, NH, content was higher in the dry period in the
deeper soil layer (p<0.05), but in the upper soil layer, it was only
higher in the black-crowned night heron habitat (p <0.01), and lower
for the other inhabited areas (p <0.01; Figure 3). Compared to the dry
period, p values during the wet period were higher in the great
cormorant-inhabited area in both soil layers (p <0.05) and in the black
kite-inhabited area (p<0.0001) in the upper soil layer, and lower
(p<0.005) for the black-crowned night heron-inhabited area in the
deeper soil layer, with no differences between other compared sites
(Figure 3). In contrast to the upper soil layer. P content in the control
areas in the deeper soil layer during the dry period were higher
(p<0.05) for all observed bird colonies than during the wet period
(Figure 3).

3.5.2. Colony-forming units of fungi and bacteria
Bacterial CFU showed seasonal differences between dry and

wet periods in the upper soil layer in all observed bird sites (except

for the great cormorant habitat). In the deeper soil layer, bacterial
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FIGURE 2

Redundancy analysis (RDA) of ecological index values indicating
correlations between habitat variables and soil biotic community
structure during the wet period in the study area. Ecological indices
showed significant differences between bird habitats and
uninhabited control sites in both soil layers. Arrow lengths and angles
indicate strength and degree of correlation between the ecological
indices and the environment. The first axis of the figure explains 19%
of the total variance in the observed data, with the sum of all
canonical eigenvalues amounting to 21%. The significance of these
variations was confirmed by the Monte Carlo permutation test
(p=0.002, F=12.30, where number of permutations=499). Location:
control site, upper soil layer (0—5cm); control site, deeper soil layer
(5-10cm); bird habitat, upper soil layer (0—5cm); bird habitat, deeper
soil layer (5-10cm). Ecological indices: TD, trophic diversity; Dom,
Simpson’s dominance index; H’, Shannon index; MMI, modified
maturity index; SR, species richness; Sl, structure index; BI, basal
index; El, enrichment index.

numbers differed seasonally only for the black-crowned night
heron and great cormorant habitats and for the little egret, great
cormorant and black kite control sites (Figure 4). In contrast to the
wet period, bacterial CFU in the dry period was lower in the bird-
inhabited vs. control sites for the little egret and higher for the
black-crowned night heron (both soil layers), black kite (upper
soil layer) and great cormorant (deeper soil layer; Figure 4). In
contrast, fungal CFU showed seasonal differences between dry
and wet periods only for little egret and black kite in the upper soil
layer, and little egret, black-crowned night heron and black kite
(control sites only) in the deeper soil layer (Figure 4).

The Wardle-Parkinson revealed both
stimulatory and inhibitory effects of the observed birds on soil

change index
microorganisms in the study area during the study periods
(Table A1). Among the observed colonial birds, great cormorant
activity had the strongest inhibitory effect on soil microorganisms
during the observed periods (Table A1). Little egret exerted an
inhibitory effect on microorganisms mainly in the dry period, and
a stimulatory or neutral effect during the wet period (Table A1).
In contrast, black-crowned night heron and black kite colonies
had mainly positive effects on soil microorganisms in both
periods (Table Al).

3.5.3. Nematode community structure

During the dry period, in contrast to the wet period, the total
number of nematodes was significantly lower in the upper soil
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layer of the little egret-and black kite-inhabited sites compared to
the corresponding control sites, whereas in the black-crowned
night heron and great cormorant habitats at the same depth, it was
higher than in the corresponding control sites (Figure 4). In the
deeper soil layer, the total number of nematodes was significantly
lower only for little egret-and great cormorant-inhabited vs. the
corresponding control sites, and showed no difference between
other compared sites (Figure 4). In addition, the total number of
nematodes showed seasonal differences between dry and wet
periods for little egret areas (both control and bird-inhabited),
great cormorant control sites and black kite-inhabited sites) in the
upper soil layer, whereas in the deeper soil layer, a seasonal
difference was found for little egret (inhabited site), black-crowned
night heron (control site), great cormorant and black kite
(inhabited sites), with a tendency toward higher total number of
nematodes during the wet period (Figure 4).

Overall for the two studied periods (wet here and dry in
Pen-Mouratov and Dayan, 2019), we identified 81 nematode taxa: 29
(26 and 21 in the dry and wet periods, respectively) belonged to the
bacteria-feeding trophic group, 7 (6 and 7 in the dry and wet periods,
respectively) were fungi-feeding nematodes, 22 (17 and 15 in the dry
and wet periods, respectively) were plant-parasitic nematodes, and
23 (13 and 18 in the dry and wet periods, respectively) were
omnivore-predator nematodes (Table A2). Along with the total
number of nematodes, bird activity was also found to affect the
trophic and sexual structures of the nematode community during
both wet and dry periods (Figure 5).

Of the 81 nematode taxa identified in this study, 20 were
found only in the dry season, and another 18 only in the wet
season, while the remaining nematodes occurred in both the dry
and wet periods of the year (Table A2). In contrast to the dry
period, the nematode sex ratio did not undergo any significant
changes (except for males in the upper soil layer of the little egret
area) under the influence of bird activity in the wet period
(Figure 5). The sex ratio revealed different correlations with the
observed soil properties and soil microorganisms during the two
observed seasons.

RDA of the ecological index values showed significant differences
between bird-inhabited and control sites, as well as between the observed
seasonal dry and wet periods (Figure 6). In contrast to the nematode
faunal indices—Simpson dominance, basal and enrichment—that
showed higher values in the bird habitats, the other generally accepted
ecological indices — Shannon-Weaver, modified maturity, species
richness and structure—had higher values in the control sites during the
dry season in both upper and deeper soil layers (Figure 6). However, in
the wet season, only the enrichment and dominance index values (in the
upper soil layer) were higher in the bird-inhabited areas; the other applied
ecological indices had higher values in the control sites (Figure 6). At the
same time, in contrast to the dry period, the basal index, which is used as
an indicator of a food web diminished by stress or by limited nutrient
resources, showed higher values in the control sites during the wet period
in the deeper soil layer (Figures 2, 6).

4. Discussion

Animal activities (Steinberger et al., 2004), and in particular those
of colonial birds (Pen-Mouratov and Dayan, 2019; Pen-Mouratov,
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FIGURE 3
Changes in soil properties in colonial birds" habitat and control sites during seasonal dry and wet periods. Bird species: LE, little egret (Egretta garzetta);
NH, black-crowned night heron (Nycticorax nycticorax); GC, great cormorant (Phalacrocorax carbo); BK, black kite (Milvus migrans). Soil properties:
SM, soil moisture; pH, soil acidity and alkalinity; EC, electrical conductivity (dS/m); NOs, nitrate (mg/100g dry soil); NH,, ammonium cation (mg/100g
dry soil); P, phosphorus (mg/100g dry soil). One-way ANOVA, and nonparametric Kruskal-Wallis test (*p<0.05, **p<0.01, ***p<0.001, n=128) indicate
differences between all compared birds" habitat and control sites.

2022), can affect soil ecosystems and their inhabitants through the
input of allochthonous matter, resulting in the formation of
spatiotemporal heterogeneity of soil properties in the study area
(Pen-Mouratov and Dayan, 2019). However, seasonal fluctuations can
affect and even weaken the impact of animals’ activity on the structure,
abundance and diversity of soil biota in particular, and the soil
ecosystem in general (Pen-Mouratov et al., 2019). The present study,
in accordance with previous results, confirmed the effect of seasonal
fluctuations on the impact of birds’ excrement on the soil biota during
the observed periods (Ilieva-Makulec et al., 2015; Pen-Mouratov and
Dayan, 2019; Pen-Mouratov, 2022). In contrast to findings obtained
in the dry period, during the wet period, most of the surveyed bird
species’ activities stimulated the abundance of soil microorganisms,
except for the great cormorant which had an inhibitory effect
(Pen-Mouratov, 2022).

In contrast to the more acidic medium in the bird habitat during
the dry period (Pen-Mouratov and Dayan, 2019), strong differences
in pH values were found between all compared bird sites and control
areas in the wet period. The black kite area had the most acidic
medium among the observed bird-inhabited sites. In addition,
changes in the alkaline-acid balance of the soil and its subsequent
impact on the number of soil microorganisms were correlated with
seasonal fluctuations: soil microorganism level was strongly negatively
correlated to pH in the little egret and black-crowned night heron
(bacterial communities) and little egret and great cormorant (fungal
communities) habitats during the dry period (Pen-Mouratov and
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Dayan, 2019), whereas this same influence was seen in the little egret
and great cormorant (bacterial communities) and great cormorant
(fungal communities) habitats during the wet period. Previous
research has shown that microorganisms in fine-textured soils are
more protected from predation than those in coarse-textured soils due
to pore size restricting predator activity, as well as to differences in
nutrient content (Hassink et al., 1993; Pen-Mouratov et al., 2011).
However, the differences in nutrient content between the piscivorous
and omnivorous birds’ colonies varied seasonally, decreasing toward
the wet period. Hence, the protective ability of the fine-textured soils
(piscivorous birds” habitat) compared to the coarse-textured soils
(omnivorous birds’ habitat) strongly depends on seasonal changes and
can be attenuated by seasonal fluctuations. Furthermore, our previous
study, conducted during the dry period (Pen-Mouratov and Dayan,
2019), indicated that the relationships between soil microorganisms
and soil nematodes are strongly dependent on soil conductivity;
however, this dependence was not observed during the wet period.
We therefore conclude that soil conductivity, along with soil pH, is one
of the main drivers of prey-predator relationships in the observed
birds’ habitats during both dry and wet periods, despite a marked
attenuation in its effect during the latter period.

In accordance with earlier findings (e.g., Otero et al., 2018;
Bogatyreva et al., 2022), the contents of NO;, NH, and P were high
in the bird excrement (Pen-Mouratov and Dayan, 2019). In some
cases, the differences in chemical contents between bird and control
sites reached significantly high values. Input of NO; into the
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FIGURE 4
Changes in abundance of soil biota in colonial birds" habitat (BH) and control (CO) sites during seasonal dry (DH) and wet (WW) periods. Bird species:
LE, little egret (Egretta garzetta); NH, black-crowned night heron (Nycticorax nycticorax); GC, great cormorant (Phalacrocorax carbo); BK, black kite
(Milvus migrans). Abbreviations: u.s.l, upper soil layer; d.s.l, deeper soil layer. Soil biota: TN, total free-living nematodes; colony-forming units (CFU) of
bacteria (B, nx10°CFU per g dry 50|l) and fungi (F, nx10°CFU per g dry soil). One-way ANOVA and nonparametric Kruskal-Wallis test (*p<0.05,
**p<0.01, ***p<0.001, n=128) indicate differences between all compared BH and CO sites. Significance levels divided by a line indicate seasonal
differences between BH (upper) and CO (lower) sites

ecosystem by all of the observed colonies was higher in the dry
period than in the wet one (Pen-Mouratov and Dayan, 2019),
whereas the input of NH, and P was dependent on the bird species
diversity and varied seasonally between different bird sites in the two
soil layers. It is obvious that changes in the soil chemical content of
bird sites are strongly dependent on the activity and diversity of the
bird communities and subject to seasonal fluctuations. In turn,
changes in soil properties caused by the birds™ activity, associated
with seasonal fluctuations, were reflected in the abundance of soil
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microorganisms and in the abundance and diversity of soil
nematodes, revealing a tight correlation of the soil biota with the
observed soil properties and seasonal fluctuations during the study
periods. In addition, different bird species during the dry and wet
periods had variable impacts on the habitat, abundance, trophic
composition and genera of soil nematodes. During the hottest
period of the year, when external adverse factors dominate the birds’
activity, a stronger impact was exerted on the nematode
communities. Our previous results revealed a negative effect of little
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Seasonal changes in trophic groups and sex ratio of soil free-living nematodes in colonial birds” habitat (BH) and control (CO) sites during seasonal wet
and dry periods. Bird species: LE, little egret (Egretta garzetta); NH, black-crowned night heron (Nycticorax nycticorax); GC, great cormorant
(Phalacrocorax carbo); BK, black kite (Milvus migrans). Trophic groups of nematodes: BF, bacteria-feeding; FF, fungi-feeding; PP, plant-parasitic; OP,
omnivore-predator. Sex groups of nematodes: ML, male; FL, female; JV, juvenile.

egret, black kite and great cormorant (upper soil layer) and a positive
effect of black-crowned night heron (upper soil layer) and great
cormorant (deeper soil layer) on free-living nematode abundance
and diversity during the dry period (Pen-Mouratov and Dayan,
2019). In the wet period, when seasonal fluctuations decrease the
impact of the birds’ activity, a positive effect on the abundance of
nematode communities was only found in the little egret and great
cormorant habitats. Furthermore, during the wet period, there was
a tendency toward increasing abundance of soil nematodes. Our
results suggest that the birds’ activity exerts significant effects
(through changes in soil properties) on soil free-living nematodes.
In addition, during the dry period, the chemical effect on nematode
abundance was notably stronger than during the wet period.
Numerous studies have shown that soil ecosystem disturbances,
along with nematode density, have a significant impact on the species
and trophic diversity of the nematode communities (e.g., Bongers and
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Bongers, 1998). Moreover, seasonal fluctuations have a variable impact
on these communities, with significant attenuation of the effect of
animal activity on their abundance and diversity (Pen-Mouratov et al.,
2019). In agreement with previous research, our results obtained over
two seasons indicate that abundance of the observed nematodes
increases markedly in the wet vs. dry period. Moreover, more than 50%
of the observed free-living soil nematodes found the bird sites less
suitable during both wet and dry seasons. Among them, the bacteria-
feeding and fungi-feeding nematodes were less sensitive to bird activity
than the plant-parasitic and omnivore-predator nematodes, consistent
with previous findings (e.g., [lieva-Makulec et al., 2018; Pen-Mouratov
and Dayan, 2019). In general, nematodes belonging to the r-strategist
group (colonizers, tolerant to environmental disturbance), mainly
bacteria-feeding (BF1 and BF2), were the most numerous in the study
area, varying from 89 to 77% in the bird sites during the dry and wet
periods, respectively, and from 44 to 46% in the control sites during
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these respective periods. The plant-parasitic and omnivore-predator
nematodes were the smallest groups, numerically, in the bird areas
during the dry period, with a gradual increase during the wet period.
Unlike the other trophic groups, the fungi-feeding nematodes did not
show any significant differences in numbers between the bird areas and
their corresponding control sites, or between the compared seasons.
These results are consistent with previous research showing that
different animals exert a significantly different seasonal effect on the
abundance and diversity of nematodes belonging to different functional
guilds (Pen-Mouratov et al., 2019). The nematodes belonging to the
r-strategist group were dominant in all bird areas. The omnivore-
predator nematodes belonging to the K-strategist group (e.g., Bongers
and Bongers, 1998), were rare in the bird areas: only Microdorylaimus
was found in the bird sites during the dry period (Pen-Mouratov and
Dayan, 2019). However, the attenuating effect of seasonal fluctuations
in the wet period led to the appearance of nine more K-strategists in the
bird-inhabited areas, with Microdorylaimus and Dorylaimoides
dominating the omnivore-predator nematode community. In addition
to previous findings, it should be noted that the close relationship
between the observed sex groups of nematodes and soil microorganisms
was only characteristic of the dry period (Pen-Mouratov and Dayan,
2019). During the wet period, these relationships weakened
significantly, and confirmation of soil fungi as an important food source
for female nematodes was only obtained in the black-crowned night
heron habitat during this period. Moreover, soil fungi were found to
be a significant food source for male nematodes in the great cormorant
habitat, along with soil bacteria for female and juvenile nematodes in
the black kite control site during the wet period. The effect of soil
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properties, including soil acidification, on the sex ratio of soil free-living
nematodes was also significantly reduced, and was not detected at all
in the bird-inhabited sites during the wet period.

The ecological indices applied in the current study confirmed that
the different species of colonial birds' droppings exert different
(stimulatory or inhibitory) impacts (mainly through changes in soil
properties) on the abundance and diversity of the soil biota, affecting
the structure of soil free-living nematodes at the generic, trophic and
sexual levels. In addition, the seasonal wet-dry fluctuations may
significantly change the extent of the impact of colonial birds
droppings. In the present study, the trophic diversity index and species
richness values confirmed that the colonial birds’ sites were unfavorable
habitats for soil biota compared to the control sites. However, the birds’
impact diminished with depth during the wet period. For example, the
diversity indices demonstrated a decrease in the contribution of rare
species and an increase in the contribution of common species during
the dry period (Pen-Mouratov and Dayan, 2019). However, in the wet
period, the indices demonstrated a decrease in the contribution of rare
species only in the upper soil layer for little egret and black kite habitats,
and an increase in the contribution of common species only in the
upper soil layer for the black kite habitat.

Maturity indices indicated that the bird-inhabited sites are less
suitable for soil biota compared to the corresponding control sites.
They further revealed that the negative impact of the birds activity on
soil nematode communities can be weakened by seasonal fluctuations.
The Wardle-Parkinson change index (Neto et al., 2012) showed that
different bird species’ droppings exert significantly different effects on
soil nematode density, with a more negative impact during the dry
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period and a weakening of these effects during the wet period due to
seasonal fluctuations. The food-web indices—basal, structure and
enrichment—showed that the bird sites are characterized by a less
complex food web and more plentiful nutrient resources than the
uninhabited control areas, but with a strong dependence on seasonal
fluctuations. The structure index (Ferris et al., 2004) suggested the
presence of a food web with more trophic linkages, but showed a
decline in trophic linkages in bird-inhabited areas. However, the
structure index indicated that the negative impact on the food web can
be weakened by seasonal fluctuations. The basal index, which is used
as an indicator of food webs (Ferris et al., 2001), demonstrated
increasing resource availability only in the little egret and black kite
areas during the dry period and in the little egret habitat and control
site for the great cormorant during the wet period. Moreover, the basal
index showed that the different soil properties exert different seasonal
effects on the diversity of the trophic linkages in the study area. The
enrichment index (Ferris et al., 2004) indicated that the interaction
between primary decomposers and soil resources is more effective in
the bird-inhabited areas during the wet period, and that during the
dry period, it is mainly negatively dependent on pH in all habitats
(except the little egret habitat). In contrast, there was a positive
correlation with the soil nutrients in all observed bird sites except for
the black-crowned night heron habitat during the wet period.

5. Conclusion

Droppings of the different species of colonial birds were found to
exert different (stimulatory or inhibitory) effects (mainly through
changes in soil properties) on the number of soil microorganisms
(bacterial and fungal communities) and the abundance and diversity
of the soil free-living nematodes, affecting the structure of soil
nematodes at the generic, trophic and sexual levels. In addition, the
seasonal wet—dry fluctuations may significantly change the extent of
the colonial birds’ impact. The ecological indices confirmed the
sensitivity of the free-living nematodes to environmental disturbances
caused by the different colonial birds activities. Our findings
demonstrate that the impact of the birds’ droppings on free-living
nematode communities should be examined in different seasons to
take into account the attenuating effects of seasonal fluctuations.

Data availability statement

The raw data supporting the conclusions of this article will
be made available by the authors, without undue reservation.

References

Anderson, W. B., and Polis, G. A. (1999). Nutrient fluxes from water to land: seabirds
affect plant nutrient status on gulf of California islands. Oecologia 118, 324-332. doi:
10.1007/s004420050733

Andrassy, 1. (2009). Free-living nematodes of Hungary (Nematoda errantia), III.
Hungarian Natural History Museum and Systematic Zoology Research Group of the
Hungarian Academy of Sciences, Budapest.

Bogatyreva, L. G., Telesnina, V. M., Benediktova, A. I, Karpukhina, M. M.,
Zemskova, P. I, Ryzhikov, I. S, et al. (2022). The effects of gray heron nesting grounds
on litter and soil properties in pine ecosystems of Moscow oblast. Moscow Univ. Soil Sci.
Bull. 77, 153-160. doi: 10.3103/S0147687422030036

Frontiers in Microbiology

10.3389/fmicb.2023.1080625

Author contributions

All authors listed have made a substantial, direct, and intellectual
contribution to the work and approved it for publication.

Funding

This study was funded by KAKMAB. KAKMAB is a support
system covering additional payments for the research activity of the
researchers in Tel Aviv University.

Acknowledgments

The authors express their appreciation to David Pen for his
assistance during the sampling period and to Amos Belmaker, Walter
Peraza-Padilla and Assaf Uzan for their assistance and helpful
information. We thank the Israel Nature and Park Authority (INPA)
for valuable information on the number of observed birds in the study
area. Special thanks to Camille Vainstein for her useful comments and
assistance. We also appreciate the helpful comments of the reviewers.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fmicb.2023.1080625/
full#supplementary-material

Bongers, T. (1990). The maturity index: an ecological measure of environmental
disturbance based on nematode species composition. Oecologia 83, 14-19. doi: 10.1007/
BF00324627

Bongers, T. (1994). De nematoden van Nederland, 2nd ed. Koninklijke Nederlandse
Natuurhistorische Vereniging, Utrecht.

Bongers, T., and Bongers, M. (1998). Functional diversity of nematodes. Appl. Soil
Ecol. 10, 239-251. doi: 10.1016/S0929-1393(98)00123-1

Cairns, E. J. (1960). “Methods in nematology,” in: Nematology, fundamentals and recent
advances with emphasis on plant parasitic and soil forms. eds. J. N. Sasser and W. R.
Jenkins (Chapel Hill: University of North Carolina Press), 34-84.

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1080625
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1080625/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1080625/full#supplementary-material
https://doi.org/10.1007/s004420050733
https://doi.org/10.3103/S0147687422030036
https://doi.org/10.1007/BF00324627
https://doi.org/10.1007/BF00324627
https://doi.org/10.1016/S0929-1393(98)00123-1

Pen-Mouratov and Dayan

Coleman, D., and Hendrix, P. (2000). Invertebrates as webmasters in ecosystems. New
CABI Publisher, New York.

Ellis, J. C. (2005). Marine birds on land: a review of plant biomass, species richness,
and community composition in seabird colonies. Plant Ecol. 181, 227-241. doi: 10.1007/
s11258-005-7147-y

Fedriani, J. M., Garcia, L. V., Sanchez, M. E., Calderon, J., and Ramo, C. (2016). Long-term
impact of protected colonial birds on a jeopardized cork oak population: conservation bias
leads to restoration failure. J. Appl. Ecol. 54, 450-458. doi: 10.1111/1365-2664.12672

Ferris, H., Bongers, T., and de Goede, R. G. M. (2001). A framework for soil food web
diagnostics: extension of the nematode faunal analysis concept. Appl. Soil Ecol. 18,
13-29. doi: 10.1016/50929-1393(01)00152-4

Ferris, H., Venette, R. C., and Scow, K. M. (2004). Soil management to enhance
bacterivore and fungivore nematode populations and their nitrogen mineralisation
function. Appl. Soil Ecol. 25, 19-35. doi: 10.1016/j.aps0il.2003.07.001

Google Earth (2015). Available at: https://google-earth.en.softonic.com

Grayer, S., and Halmann, M. (1984). Electrochemical and photoelectrochemical
reduction of molecular nitrogen to ammonia. J. Electroanal. Chem. 170, 363-368. doi:
10.1016/0022-0728(84)80059-5

Hassink, J., Bouwman, L. A., Zwart, K. B., and Brussaard, L. (1993). Relationships
between habitable pore space, soil biota and mineralization rates in grassland soils. Soil
Biol. Biochem. 25, 47-55. doi: 10.1016/0038-0717(93)90240-C

Heip, C., Herman, P. M. ], and Soetaert, K. (1988). “Data processing, evaluation and
analysis” in Introduction to the study of Meiofauna. eds. R. P. Higgins and H. Thiel
(Washington DC: Smithsonian Institution Press), 197-231.

Tlieva-Makulec, K., Bjarnadottier, B., and Sigurdsson, B. D. (2015). Soil nematode
communities on Surtsey, 50 years after the formation of the volcanic island. Icelandic
Agric. Sci. 28, 43-58. doi: 10.16886/IAS.2015.05

Ilieva-Makulec, K., Kozacki, D., and Makulec, G. (2018). Corvid roosts in the city: first
results about their impact on the taxonomic diversity and trophic structure of the soil
nematode community. Acta Zool. Bulgarica Suppl. 12, 11-19.

Klimaszyk, P.,, and Rzymski, P. (2013). Impact of cormorant (Phalacrocorax carbo
sinensis L.) colonies on microbial pollution in lakes. Limnol. Rev. 13, 139-145. doi:
10.2478/limre-2013-0015

Krumenacker, T. (2013). The migration of lesser spotted eagle Aquila pomarina,
European honey buzzard Pernis apivorus, Levant Sparrowhawk Accipiter brevipes and
white stork Ciconia ciconia over northern Israel - A balance over 30 years of counts.
Studia i Materiaty CEPL w Rogowie R. 15. Zeszyt 36/3/2013.

Laviad-Shitrit, S., Lev-Ari, T., Katzir, G., Sharaby, Y., Izhaki, I., and Halpern, M.
(2017). Great cormorants (Phalacrocorax carbo) as potential vectors for the dispersal of
vibrio cholera. Sci. Rep. 7:7973. doi: 10.1038/541598-017-08434-8

Lundberg, J., and Moberg, E (2003). Mobile link organisms and ecosystem
functioning: implications for ecosystem resilience and management. Ecosystems 6,
0087-0098. doi: 10.1007/s10021-002-0150-4

Mebs, T., and Schmidt, D. (2006). Die Greifvigel Europas, Nordafrikas und
Vorderasiens. Kosmos Verlag, Stuttgart.

Murphy, G. I. (1981). Guano and the anchovetta fishery. Res. Man. Environ. Uncert.
11, 81-106.

Murphy, ], and Riley, J. P. (1962). A modified single solution method for the

determination of phosphate in natural waters. Anal. Chim. Acta 27, 31-36. doi: 10.1016/
S0003-2670(00)88444-5

Neto, E V. C., Correia, M. E. E, Pereira, G. H. A., Pereira, M. G., and Leles, P. S. S.
(2012). Soil fauna as an indicator of soil quality in forest stands, pasture and secondary
forest. Rev. Bras. Ciénc. Solo 36, 1407-1417.

Norman, R. J., and Stucki, J. W. (1981). The determination of nitrate and nitrite in soil
extracts by ultraviolet spectrophotometry. Soil Sci. Soc. Am. J. 45, 347-353. doi: 10.2136/
$5$2j1981.03615995004500020024x

Otero, X. L., Pefia-Lastra, S. D. P, Pérez-Alberti, A., Ferreira, T. O., and
Huerta-Diaz, M. A. (2018). Seabird colonies as important global drivers in the nitrogen
and phosphorus cycles. Nat. Commun 9:246. doi: 10.1038/s41467-017-02446-8

Frontiers in Microbiology

17

10.3389/fmicb.2023.1080625

Pen-Mouratov, S. (2022) “Seasonal fluctuations attenuate stimulatory or inhibitory
impacts of colonial birds on abundance, structure and diversity of soil biota,” in The 7th
international congress of nematology. 1-6 may 2022 at the Palais des Congrés in Antibes
Juan-les-pins (France).

Pen-Mouratov, S., and Dayan, T. (2019). Effect of piscivorous and omnivorous colonial
birds" activity on structure, abundance and diversity of soil free-living nematodes.
Preliminary results from a study of impact of avifauna on soil biota in the Israel's
Mediterranean Coastal Plain. Environ. Indicators 107:105211. doi: 10.1016/j.
ecolind.2019.02.053

Pen-Mouratov, S., Hu, C., Hindin, E., and Steinberger, Y. (2011). Soil microbial activity
and a free-living nematode community in the playa and in the sandy biological crust of
the Negev Desert. Biol. Fertil. Soils 47, 363-375. doi: 10.1007/s00374-011-0540-x

Pen-Mouratov, S., Meller, R., Liu, R., and Steinberger, Y. (2019). The impact of
animal trampling on free-living nematode abundance, genera, and trophic diversity
was attenuated by tree canopies. J. Life Sci. 13, 12-33. doi:
10.17265/1934-7391/2019.01.003

Pen-Mouratov, S., Rakhimbaev, M. B., and Steinberger, Y. (2006). Spatio-temporal
effect on soil respiration in fine-scale patches in a desert ecosystem. Pedosphera 16, 1-9.
doi: 10.1016/51002-0160(06)60019-2

Pen-Mouratov, S., Shukurov, N., Yu, J., Rakhmonkulova, S., Kodirov, O., Barness, G.,
etal. (2014). Successive development of soil ecosystems at abandoned coal-ash landfills.
Ecotoxicology 23, 880-897. doi: 10.1007/s10646-014-1227-5

Peraza-Padilla, W.,,  Archidona-Yuste, A., Cantalapiedra-Navarrete, C.,,
Zamora-Araya, T., Palomares-Rius, J. E., and Castillo, P. (2017). Molecular
characterization and distribution of the needle nematode Longidorus laevicapitatus
Williams, 1959 (Namatoda: Longidoridae) in Costa Rica. Eur. J. Plant Pathol. 147,
443-450. doi: 10.1007/s10658-016-0997-4

Post, D. M., Taylor, J. P, Kitchell, J. F, Olson, M. H., Schindler, D. E., and Herwig, B. R.
(1998). The role of migratory waterfowl as nutrient vectors in a managed wetland.
Conserv. Biol. 12, 910-920. doi: 10.1046/j.1523-1739.1998.97112.x

SAS (1988). SAS/STAT User’s guide, release 6.03. SAS Institute, Cary, NC.

Shannon, C. E., and Weaver, W., (1949). The mathematical theory of communication.
University of Illinois Press, Urbana, IL.

Simpson, E. H. (1949). Measurement of diversity. Nature 163:688. doi: 10.1038/163688a0

Steinberger, Y., Pen-Mouratov, S., and Whitford, W. G. (2004). Soil disturbance by soil
animals on a topoclimatic gradient. Eur. J. Soil Biol. 40, 73-76. doi: 10.1016/j.
€js0bi.2004.07.001

ter Braak, C. J. E, and Prentice, I. C. (1996). “A theory of gradient analysis” in
Unimodal models to related species environment. ed. C.J. F. Ter Braak (DLO-Agricultural
Mathematics Group: Wageningen), 138-271.

van Bezooijen, J. (2006). Methods and techniques for nematology. Wageningen
University, Wageningen, p. 112.

Veresoglou, S. D., Halley, J. M., and Rillig, M. C. (2015). Review. Extinction risk of soil
biota. Nat. Commun. 6:8862. doi: 10.1038/ncomms9862

Wardle, D. A., and Parkinson, D. (1991). Analyses of co-occurrence in a fungal
community. Mycol. Res. 95, 504-507. doi: 10.1016/S0953-7562(09)80855-1

Wasilewska, L. (1994). The effect of age of meadows on succession and diversity in soil
nematode communities. Pedobiologia 38, 1-11.

Yeates, G. W. (1994). Modification and qualification of the nematode maturity index.
Pedobiologia 38, 97-101.

Yeates, G. W,, and King, K. L. (1997). Soil nematodes as indicators of the effect of
management on grasslands in the New England tablelands (NSW): comparison of native
and improved grasslands. Pedobiologia 41, 526-536.

Yom-Tov, Y., Hatzofe, O., and Geffen, E. (2012). Israel’s breeding avifauna: a century
of dramatic change. Biol. Conserv. 147, 13-21. doi: 10.1016/j.biocon.2012.01.005

Zmudczynska, K., Olejniczak, I, Zwolicki, A., Iliszko, L., Convey, P, and
Stempniewicz, L. (2012). Influence of allochtonous nutrients delivered by colonial
seabirds on soil collembolan communities on Spitsbergen. Polar Biol. 35, 1233-1245.
doi: 10.1007/s00300-012-1169-4

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1080625
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1007/s11258-005-7147-y
https://doi.org/10.1007/s11258-005-7147-y
https://doi.org/10.1111/1365-2664.12672
https://doi.org/10.1016/S0929-1393(01)00152-4
https://doi.org/10.1016/j.apsoil.2003.07.001
https://google-earth.en.softonic.com
https://doi.org/10.1016/0022-0728(84)80059-5
https://doi.org/10.1016/0038-0717(93)90240-C
https://doi.org/10.16886/IAS.2015.05
https://doi.org/10.2478/limre-2013-0015
https://doi.org/10.1038/s41598-017-08434-8
https://doi.org/10.1007/s10021-002-0150-4
https://doi.org/10.1016/S0003-2670(00)88444-5
https://doi.org/10.1016/S0003-2670(00)88444-5
https://doi.org/10.2136/sssaj1981.03615995004500020024x
https://doi.org/10.2136/sssaj1981.03615995004500020024x
https://doi.org/10.1038/s41467-017-02446-8
https://doi.org/10.1016/j.ecolind.2019.02.053
https://doi.org/10.1016/j.ecolind.2019.02.053
https://doi.org/10.1007/s00374-011-0540-x
https://doi.org/10.17265/1934-7391/2019.01.003
https://doi.org/10.1016/S1002-0160(06)60019-2
https://doi.org/10.1007/s10646-014-1227-5
https://doi.org/10.1007/s10658-016-0997-4
https://doi.org/10.1046/j.1523-1739.1998.97112.x
https://doi.org/10.1038/163688a0
https://doi.org/10.1016/j.ejsobi.2004.07.001
https://doi.org/10.1016/j.ejsobi.2004.07.001
https://doi.org/10.1038/ncomms9862
https://doi.org/10.1016/S0953-7562(09)80855-1
https://doi.org/10.1016/j.biocon.2012.01.005
https://doi.org/10.1007/s00300-012-1169-4

	Seasonal fluctuations attenuate stimulatory or inhibitory impacts of colonial birds on abundance, structure and diversity of soil biota
	1. Introduction
	2. Materials and methods
	2.1. Study site and location
	2.2. Sampling
	2.3. Laboratory analysis
	2.4. Ecological indices and statistical analysis

	3. Results
	3.1. Soil properties
	3.2. Colony-forming units of fungi and bacteria
	3.3. Nematode community structure
	3.4. Ecological indices
	3.5. Seasonal differences between dry and wet (this study) periods
	3.5.1. Soil properties
	3.5.2. Colony-forming units of fungi and bacteria
	3.5.3. Nematode community structure

	4. Discussion
	5. Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note

	References

