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Abstract: Despite the reported allelopathic nature of the Eucalyptus genus, eucalypt leachates have
unknown effects on the trophic base of stream green food webs. Eucalypt plantations have increased
worldwide, including riparian ecosystems. We aimed to test whether short-term eucalypt leachates
might alter water chemistry, periphytic algal biomass and diatoms, and herbivorous invertebrates’
(i.e., scrapers). We studied two oligotrophic and well-preserved headwaters from NW Spain. The
experiment followed a before-after control-impact paired (BACIp) design, with weekly sampling
before and after eucalypt leaves addition to streams. In the stream with lower discharge, the
eucalypt treatments seemed to affect increases in biomass accrual (Chl-2) and diatom assemblages,
disfavouring sensitive species (e.g., Eunotia minor and Achnanthidium pyrenaicum). Therefore, the
ecological status was reduced from high to good. In the stream with higher discharge, invertebrate
assemblages changed with scrapers having their abundances modified in comparison with the control
(e.g., Habrophlebia sp. and Elmidae). Results suggest that eucalypt leaves leachates exert toxic effects
on periphyton and on diatom and invertebrate assemblages, and this effect might be mediated by
discharge. Alterations at the base of stream food webs may compromise their good ecological status.
Further studies are necessary to identify whether this toxicity is due to allelopathic processes.
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1. Introduction

Stream ecosystems receive energy from two different sources, terrestrial carbon pro-
duced in the basin and imported into the stream and the carbon produced by the primary
producers inhabiting the stream [1]. These two energy sources correspond to the “green”
and “brown” aquatic food webs [2]. A green food web is based on energy obtained from
plants or algae (i.e., by photosynthesis and subsequent consumption by herbivores); while a
brown food web is based on the consumption of decomposing biomass by detritivores [2,3].
The allochthonous carbon in the form of leaves, fruits, flowers, and wood has been recog-
nised as the main energy source to forested headwaters as their dense riparian vegetation
limits light penetration and consequently instream autochthonous primary production [4,5].
Agricultural and forestry activities in basins can significantly alter the sources of carbon
entering stream ecosystems and, at the same time, alter light entrance to streams, affecting
carbon production by primary producers [6,7]. Moreover, changes in the native tree ripar-
ian vegetation affect the quantity and quality of organic matter inputs reaching streams
that may have consequences on the functioning of these ecosystems [8,9].

Forest plantations are considered monospecific crops used to increase biomass
production [10]. These plantations generally imply the introduction of tree species outside
their natural distribution area, affecting the quality of the organic matter that enters streams
and rivers [11]. Eucalyptus globulus Labill. is considered a very productive species by the
timber industry due to its very high-growth rate and its remarkable adaptability. For this
reason, the area covered by eucalypt plantations has grown enormously in recent decades
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throughout the world, especially in temperate and tropical climates [12,13]. Since this
species arrived at the Iberian Peninsula in 1829 [14], large areas have been transformed into
exotic eucalypt monocultures [15,16], generating concern among limnologists [17,18] on
the ecological impacts of these large-scale changes in the landscape [19].

Eucalyptus leaves are considered of poor quality because of their lower nutrient con-
tents compared with other riparian deciduous leaves [20,21]. It has been seen that eucalypt
plantations in northern Spain located near streams might reduce nitrogen and phosphorus
input to them by 67% and 65%, respectively, compared to oak forest streams [11,22], and
even more if compared with alder riparian native nitrogen-fixing tree with the greatest N
and P contents in leaves [21]. Eucalypt plantations at industrial scales cause high demand
for fertilisers and water, and intensive management has the potential for a release of allelo-
pathic substances to flowing waters. These plantations severely influence the soil structure,
causing an increase in water consumption, soil erosion [23], loss of nutrients [14] and biodi-
versity [16], pests and diseases [13], and alterations in soil quality and hydrology [13,24].
Evidence of allelopathic activity and chemical composition of different species of the
Eucalyptus genus has been widely reported (e.g., [25,26]. Although the flowers, fruits, bark
and roots have allelochemicals in their composition, the recognised allelopathic activity of
E. globulus is mainly attributed to its leaves [27,28]. Water-soluble and volatile biologically
active compounds, especially essential oils rich in terpenoids, makes eucalypt a potential
pesticide (e.g., [28,29], and references therein). Its effect on terrestrial ecosystems has al-
ready been studied. Phytotoxic effects have been reported on the germination and root
growth of numerous wild plant species, crops, and agricultural weeds (see, e.g., [28,30,31].

The EU water legislation (WFD; 2000/60/EC [32]) aims for rivers and streams to
achieve good ecological status. Therefore, it requires the assessment of anthropogenic
impacts on water bodies. To meet the targets of the WFD, it is necessary to know the
impact of forestry operations on stream water quality and develop methods to estimate the
increase in nutrient export to watercourses [33]. Forestry activities are commonly reported
to increase erosion and fine sediment deposition in stream headwaters, worsening water
quality [34] and decreasing biodiversity and abundance of benthic invertebrates and fish
in riparian ecosystems [35]. Diatom indices and multimetrics are used in assessing the
ecological status of streams and rivers, being good indicators in flowing waters, as their
fast life cycles allow them to respond quickly to nutrients [36]. In addition, diatoms are
considered good indicators of herbicidal compounds toxicity [37,38]. However, despite the
extensive study of the herbicidal effect of eucalypt, current information on how this toxicity
can affect diatom assemblages inhabiting rivers and streams running through eucalypt
plantations is still very scarce (but see [39,40]. Many studies have been conducted on the
effects that eucalypt leaves have on invertebrates colonising leaves. As expected, with
adverse effects on detritivore invertebrates consuming leaves [18,41] but also on fish [17]
and scrapers colonising eucalypt leaf litter [42]. However, the effects that eucalypt leachates
may have on the green food webs of stream ecosystems are still unknown.

The effect of eucalypt allelopathic compounds on terrestrial plants due to their herbici-
dal effect has been reported. Therefore, our working hypothesis is that eucalypt leachates
also affect diatoms, altering the base of green food webs in headwaters and, in turn, in-
fluencing herbivores feeding on them. To answer this hypothesis, we conducted an in
situ experiment that simulated a short-term pulse of eucalypt leaves recently fallen from a
riparian eucalypt plantation in two well-preserved streams that had not previously been
affected by eucalypt plantations. We analysed whether these short-term leachates generate
changes in water chemistry, algal biomass (chlorophyll-a concentrations), the composition
of diatom assemblages and, consequently, the diatom indices used to assess the ecological
status of the streams. Moreover, those changes in the green base of food webs can alter the
composition of benthic invertebrates by influencing the herbivores” assemblages feeding
on it.
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2. Material and Methods
2.1. Studied Region

This study was conducted in two second order streams minimally impaired by human
pressures located in the Pontevedra province (Galicia, NW Spain) during summer 2020:
As Murteiras (42°20'43.8" N, 8°23/6.4"” W) and Ventin streams (42°19'29” N, 8°26'21.1" W)
(Figure 1). Both streams were selected among the headwaters of the Oitavén River, basins
of Atlantic forest with streams having riparian and basin vegetation dominated by birch
(Betula alba L.), oak (Quercus robur L.), accompanied in the forest floor with blueberries
(Vaccinium myrtillus L.). This location in the northwest corner of the Iberian Peninsula
exposes Galicia to the direct influence of the Atlantic Ocean. Therefore, the area is char-
acterised by rainy weather (annual precipitation around 1500 mm) of relatively constant
year-round precipitation frequency, with mild temperatures (around 8.5 °C in winter and
19 °C in summer). The most abundant bedrock materials are granite and mica schist [43],
being the studied streams of slightly acid waters, with low salt and nutrient content [44,45].
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Figure 1. Map of the sampling sites Ventin (1) and As Murteiras (2) streams, located in the Galician region.

2.2. Experimental Design

The in-stream experiment followed a Before—-After, Control-Impact paired (BAClp)
design (Figure 2). In each stream, a 200-m length experimental reach was selected for the
study. The first 100 m upstream constituted the control reach, and the last 100 m down-
stream constituted the impact reach. The mean widths were 1.0 £ 0.2 m and 1.5 +£ 0.3 m
and the depths were 0.19 =+ 0.02 m and 0.27 = 0.04 m for As Murteiras and Ventin, respec-
tively. In the Ventin stream, there is a small levelling used to divert water to an old mill (8 m
long), not in use actually, where water retention is slightly higher than at the control reach;
however, it does not prevent the continuous flow between both reaches. Therefore, the
experiment consisted of the parallel sampling of both control and impact reaches, before
and after the placement, at the upstream end of the impacted reaches, of bags containing
known amounts of eucalypt (Eucalyptus globulus L.) leaves.
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Figure 2. Design of the experimental approach of this study, showing control and impact reaches
position in the stream. The net bags containing the eucalypt leaves are also represented, as well as
their position in the upstream end (first 20 m) of the impact reach.

To elaborate the bags containing eucalypt leaves, freshly fallen eucalypt leaves from
a plantation located 40 km from the study area were collected from the most superficial
layer of the soil. In the laboratory, they were dried at room temperature and in the dark,
to avoid phenol degradation [46], and then we estimated the leaves’ wet weight and Ash
Free Dry Mass (AFDM). The percentage of humidity of several fractions of eucalypt leaves
(i.e., 14.2-15.3%) was estimated to discount it in the estimation of dry weights to be used
in each stream. The quantity of eucalypt leaves used to build the bags deposited on each
stream was derived from existing values of benthic amounts of eucalypt leaves in streams
affected by eucalypt forestry under low-flow conditions (267.0 g AFDM m~2; [11], multi-
plied by the area of each impacted reach (mean channel width of the streams throughout
the experiment was 1.0 m? at As Murteiras and 1.5 m? at Ventin), this area being influenced
by the eucalypt leachates from the bags located in the upstream end. Next, the eucalypt
leaves were wrapped in mesh net bags (5 mm mesh size) of 1 kg and deposited on the
stream bed within the first 20 m of the upstream end of the impacted reach of both streams
(Figure 2). The impacted area comprised thus 80 m? in both streams, which corresponded
to 26 kg of eucalypt leaves wet weight in As Murteiras and to 40 kg wet weight in Ventin
stream. According to the calculations based on Canhoto and Laranjeira [41], the quantity
of phenols from eucalypt leachates released during 7 days was 2328.3 mg mL~! in As
Murteiras and 3582.0 mg mL~! in the Ventin stream. Although in the case of this study, the
leachates are diluted with the discharge.

The study was conducted during the summer of 2020. Following this design, the
frequency of samples collection included two dates “before” (28 July and 3 August) and
two other dates “after” (10 August and 17 August) the incorporation of the eucalypt bags
to the impacted reaches of the studied streams. The net bags with the eucalypt leaves were
placed in the impact reaches bed on 6 August 2020.

Stone colonisation. On 21 June 2020, 128 stones of similar size (upper mean area
of 193 & 24 cm?) were collected from a nearby stream and transported to the laboratory.
There, they were duly cleaned with bleach and brushed, being finally marked with two
white paint dots on their upper face. On 30 June, these stones were left in the streams
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under current and shallow depth conditions along the 200 m of each stream for the natural
colonisation process. Altogether, 32 stones were placed at each control and impact reach at
a regular distance of approximately 2 m. At the impact reach, stones were left regularly
in the following 80 m downstream (Figure 2). We assumed that the stones should be fully
colonised after one month of in-stream submersion [47] and allowed the estimation of
benthic chlorophyll-a concentration and of diatom and invertebrate assemblages.

2.3. Field and Laboratory Work

On each sampling date, eight colonised stones were randomly collected per reach
and stream (n = 32; Figure 2). These eight stones were first used for the collection of
invertebrates; then, six of these eight stones were used for the measurement of chlorophyll-
a, and two of them for the sampling of benthic diatoms. In addition, on the same dates,
3-5 natural stones from the streams beds were collected to obtain diatom composition.

In parallel, several physical-chemical variables were measured in situ in the stream
with portable probes, and water samples were taken and transported for further analyses
to the laboratory.

Physical-chemical variables. Onsite measurements were done at control and im-
pact reaches on every sampling date for water temperature (°C) and dissolved oxygen
(mg O, L) and saturation (%) (Hach HQ30d Portable Dissolved Oxygen Meter), electric
conductivity (uS cm™!) (Orion 3-Star, ThermoScientific, Waltham, MA, USA), and pH (Hach
SensION+ PH1 Portable). Water speed was measured three times in a fixed transect in
each stream (at the downstream end of the impact reach) with a portable current meter
(Flow probe, model FP101; Global water instrumentation, Gold River, California), and the
discharge value per stream was derived by multiplying the wetted area by mean velocity
on each sampling date.

Two water samples were collected per reach and stream on each sampling date, kept
on ice in the field and then frozen in the laboratory until analyses (n = 32). In the laboratory,
water chemical analyses followed the American Public Health Association methods [48].
Phosphate [P-PO, 3 ug L~!], nitrate [N-NO;~ ug L1, nitrite [N-NO,~ ug L1
and ammonium [N-NHs* pg L~!] were measured with an Auto-Analyzer 3 (Bran + Luebbe,
Germany) and analysed in the CACTI (Centro de Apoio Ciéntifico e Tecnoldxico a Investi-
gacién, University of Vigo, Spain). Luminosity (lum ft~2) levels and water temperature
(°C) were measured at 15 min intervals with a data logger (HOBO onset) placed in each
reach and stream.

Chlorophyll-a. To assess algal accrual biomass between dates, chlorophyll-a (Chl-a)
was measured on each sampling date from six stone replicates collected per reach and date.
In total, 80 Chl-a samples were collected from the two streams. Samples were taken by
brushing 32 cm? from the top surface of each stone with a toothbrush. These samples were
washed with distilled water and frozen until analyses. Then, Chl-a samples were filtered
through Whatman GF/C glass fibre-filters. Chl-a was extracted in acetone (90%) in the
dark at 4 °C for 48 h and was measured spectrophotometrically (Hitachi Model U-2001
UV /Visible Spectrophotometer). Values were determined using Lorenzen [49] equations.

Benthic diatom and invertebrate composition. Two stone replicates per reach and
date were collected to assess the composition of benthic diatom assemblages at every
sampling date (n = 32). Samples were taken by brushing 32 cm? from the top surface
of each stone with a toothbrush. Moreover, to assess the ecological status of the stream
using diatoms, we used the standardized collection protocol [50] by taking 3 to 5 stones
collection per sampling date from each reach in each stream. The upper surface of those
3-5 stones was brushed with a toothbrush, then rinsed with stream water in a container
for one combined sample per time and site (following the European standards [50-52]).
Therefore, the 3-5 stones collected per reach and stream on each sampling date constituted
a single sample; thus n = 16. All the samples (32 + 16) were preserved with formaldehyde
solution (37%) immediately after collection. In the laboratory, an aliquot of 1-3 mL from
each sample was treated with a 65% solution of nitric acid (HNOj3) and potassium dichro-
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mate (K;Cr,O7) at room temperature for 2448 h to remove the organic content. The acid
residues were removed by centrifugation (1500 rpm) and then rinsed with distilled water.
Permanent slides were mounted in Naphrax®. Four hundred diatom valves per sample
were identified to the lowest feasible taxonomic level under the light microscope (Olympus
BX40). Taxonomic identification was based on [53-63].

Benthic invertebrates from previously placed stones were collected on each sampling
date using a hand net (mesh size 100 um) by following the sampling collection technique
reported in Death & Winterbourn [64] and Matthaei et al. [65]. During the sample collection,
we moved upstream to avoid disturbing the nearby stones and the stream bed itself (the
hand net operator collected stones from the stream side or placing the feet on stones).
The net was held downstream of the stone, and the stone was quickly introduced into
the net. Eight replicates were taken per reach before and after the eucalypt addition in
bags. Altogether, 128 benthic invertebrate samples were collected from the two studied
streams. Samples were kept under cold and dark conditions, and once in the laboratory,
they were identified under a stereomicroscope (Nikon SMZ645) and preserved in alcohol
(70%). Identification was at the lowest possible taxonomic level, mainly genus based on
Tachet et al. [66].

2.4. Statistical Analyses

Physico-chemical variables. The environmental matrix was constituted of 16 sam-
ples (means of two replicates) and eight environmental variables: electric conductivity
(1S cm™), pH, dissolved oxygen (mg O, L), oxygen saturation (%), discharge (m3 s~ 1),
water temperature (°C), N-DIN (ug L~!; summation of N-NH,* ug L1, N-NO,~ ug L1t
and N-NO;~ pg L™!) and P-PO,3~ ug L~!. Wilcoxon signed-rank test was performed to
test for changes in the environmental variables measured before and after and between
control and impact reaches.

Diatom and invertebrate composition. To assess changes in diatom and invertebrate
composition between streams (As Murteiras and Ventin), reaches (control-impact) and
periods (before-after), we performed multivariate techniques. Benthic diatom relative
abundances (n = 32) and invertebrate abundances (n = 128) were log (x + 1) transformed.
To assess diatom and invertebrate assemblages’” composition non-Metric Multidimensional
Scaling (nMDS) ordination was performed. A permutation analysis of variance (PER-
MANOVA [67] was used on Bray—Curtis similarity matrix with 9999 permutations to test
whether diatom and invertebrate assemblages varied across streams, periods and reaches.
In addition, to determine the contribution of individual taxa to the overall differences
between streams, dates, periods and reaches a SIMilarity PERcentage analysis (SIMPER;
90% cut-off) was used. To identify the set of environmental variables that best explained
diatom distribution among samples, a Distance-based linear model (DistLM) [68,69] in
combination with distance-based redundancy analysis (AbRDA; [70] were used. Envi-
ronmental variables were fourth-root transformed, whereas diatom abundances were log
(x + 1) transformed before Bray-Curtis similarity matrices were calculated. The best-fit
model, based on Akaike’s Corrected Information Criterion (AICc; [71] was selected and
visualised using dbRDA ordination. All multivariate analyses were conducted in PRIMER?
v.7 software [72] with the PERMANOVA+ add-on package [70].

Diatom indices were calculated to explore their response to the experimental short-
term eucalypt pulse exposure. The Specific Polluosensitivity Index (IPS, [73]) and the
Shannon-Wiener Diversity Index (H) were calculated using the Omnidia software v. 5.3 [74].
The MDIAT multimetric was calculated with Excel spreadsheets by averaging six metrics
previously calculated with the Omnidia software: IDG, IPS, L&M, SHE, SLAD, and TDI
indices with the percentage of the richness of reference taxa (PFSS) and the percentage
of the abundance of sensitive taxa (PABSS) [75]. Finally, Ecological Quality Ratios (EQR),
defined as the “observed” value of a candidate metric divided by that value “expected” at
reference condition [76](Kelly et al., 2012), were calculated for the IPS and MDIAT of each
sample. Both streams belong to the river type R-T21 Siliceous Cantabrian-Atlantic rivers,
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with high and good ecological status boundaries for the IPS being: High (H) > 0.920; Good
(G) =0.920 — 0.690; and for the MDIAT being: High (H) > 0.930; Good (G) = 0.930 — 0.700.
We used the Wilcoxon signed-rank test to test for changes between reaches (control and
impact) and periods (before and after) in index values. The level of significance for the
analysis was set as p < 0.05.

Finally, the effects of eucalypt leachates over time on Chl-a concentrations and per-
centage of scrapers were tested per each stream and reach using Wilcoxon signed-rank test.
All statistical analyses were considered at a significance level of 0.05.

3. Results
3.1. Physico-Chemical Variables

The stream water chemistry was similar in the two streams, characterised by low
electric conductivities (mean range 18.1-21.9 ps cm 1), slightly acidic pH (mean range
6.4-6.7), and very low nutrient contents (mean range 5.3-12.9 pg P-PO,3~ L~; Table 1),
although most variables measured showed lower values in As Murteiras stream. In As
Murteiras, conductivity decreased over time, and dissolved oxygen and oxygen saturation
showed slightly higher values at the impact reach before the eucalypt addition (p < 0.05;
Table 1). Water temperature showed minimal although significant variations between
periods, being slightly higher in the ‘before’ period. Luminosity was low throughout
the experiment. Because of the failure of one logger, there was no data for As Murteiras
control reach. However, values were similar at the impacted reaches of both streams in
the ‘before’ period. In Ventin, the luminosity was higher at the impacted reach and in the
‘before’ period (p < 0.05; Table 1). In the Ventin stream, higher N-DIN at the impact reach
in the ‘before” period significantly decreased after eucalypt addition (p < 0.05; Table 1),
and P-PO43 concentrations were higher in the period ‘after” (p < 0.05; Table 1). Discharge
was four times higher in Ventin than in As Murteiras throughout the experiment (Table 1).
During the ‘before’ period precipitation was absent, however, uninterrupted precipitation
events took place during the two weeks after eucalypt addition (precipitation 5.6 £ 3.2 mm,
data provided by the closest pluviometric station of the Spanish Meteorological Agency,
AEMET), slightly increasing discharge at both streams (Table 1).

3.2. Chlorophyll a

In the before period, Chl-a concentrations were initially similar in both streams
(Figure 3). In As Murteiras, mean Chl-a levels significantly tripled their value at the
control reach in the ‘after” period (0.7 to 2.2 mg m~2; Wilcoxon test, p = 0.01), while at the
impact reach the increase was low and non-significant (1.3 to 1.8 mg m~2; p = 0.14) despite
having higher initial concentrations (Figure 3A). However, in Ventin Chl-a significantly
increased at control (0.9 to 1.7 mg m~2; p = 0.01) and impact reach (0.8 to 2.0 mg m~2;
p = 0.04) (Figure 3B). In Ventin, significant differences were already found in Chl-a levels
between the second and third week at the control reach (Wilcoxon test, p = 0.04).

3.3. Diatom Assemblages
3.3.1. Diatom Composition

A total of 105 diatom taxa were identified in both streams in this study. The most
frequent species in As Murteiras stream were: Eunotia intermedia, Psammothidium dao-
nense, Platessa oblongella and Achnanthidium minutissimum; whereas in Ventin stream were
P. daonense, E. intermedia, Surirella roba and Humidophila schmassmannii. The within-group
average similarities were 77.3% and 67.6% for As Murteiras and Ventin stone samples,
respectively. Significant differences were found between the diatom assemblages of both
streams (PERMANOVA, p < 0.05). SIMPER analysis showed that ~90% of the cumulative
dissimilarity between both streams was owed to 26 taxa, the average dissimilarity between
streams being 44.0%.
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Table 1. Average values and standard error of the physico-chemical variables studied during the experiment in control and impact reaches of As Murteiras and
Ventin streams. B (Before), A (After). The discharge was measured at a single point per stream at the downstream end of the impact reach. * Wilcoxon test, p < 0.05.

As Murteiras Ventin
Control Impact Significance Control Impact Significance

B Ar B A B/A cn B A B A B/A C/
Conductivity (us cm™1) 19.0+0.2 192 +0.1 181 £0.1 194 £ 0.7 * 19.0+0.2 19.0 £ 0.6 212+ 11 219+1.7 *
pH 6.4+0.0 6.4+0.0 6.4+0.0 6.4+0.0 6.4+0.0 6.4+0.0 6.7 +0.3 6.4+0.0 *
Dissolved oxygen (mg L~1) 8.9 +0.0 8.8+0.1 92401 89 +0.0 * * 8.8 +0.3 91+01 8.6 £0.0 9.0+ 0.2 *
Oxygen saturation (%) 979 +15 96.7 1.1 100.0 £ 0.6 97.0+ 0.6 * * 954+ 1.2 97.8 +£0.7 94.6 +0.9 96.3 + 1.5 *
Water temperature (°C) 176 £0.8 16.5+ 0.1 17.0 £ 0.7 169 £ 0.7 17.6 £ 0.8 165+13 181+04 16.5+0.8 *
Water temperature (°C) 24 h 16.1 £ 0.0 15.8 £ 0.0 * 15.6 £ 0.0 153 +£0.0 155+ 0.0 153 £ 0.0 * *
Luminosity (lum ft—2) 8.7+0.8 9.4+0.8 56+0.5 37+03 10.1 £09 7006 * *
N-DIN (nug L1 103 +24 92126 9.3+09 7.6 +0.2 95+37 45+19 206 +1.2 155+ 34 * *
P-PO,3~ (ug L1 6.3+02 109 £ 5.6 55+0.0 87+33 57+07 129+ 64 53+04 123+75 *
Discharge (m?s~1) 0.09 £0.06 0.11 +0.01 0.40 +0.16  0.48 +0.12
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Figure 3. Mean Chl-a concentration during the experiment, measured before (white bars) and after
(grey bars) the eucalypt addition in As Murteiras (A) and Ventin (B) streams. Wilcoxon test with
* significant at the 0.05 level and ** at the 0.01 level. Error bars represent &1 SE.

Most of the samples exposed to eucalypt from As Murteiras were plotted towards
the left end of the X axis in the nMDS (Figure 4A). This was statistically confirmed by
PERMANOVA when analysing the interaction Reach x Period (Pseudo-F = 2.173, p = 0.03).
Similarly, those samples affected by the eucalypt in Ventin stream were plotted together in the
nMDS (Figure 4B). However, in Ventin, PERMANOVA did not result in significant differences
between factors (Reach x period) (Pseudo-F = 1.884, p > 0.05). No significant differences
were found among dates in any of the streams (PERMANOVA p > 0.05). SIMPER average
dissimilarities were higher at the control reach over time in both streams (Tables S1 and S2).
The species decreasing at As Murteiras impact reach but increasing or remaining sta-
ble at the control one were: Achnanthidium pyrenaicum, Eunotia minor, Cocconeis euglypta,
Gomphonema gracile and Navicula angusta (Table S1). In Ventin stream, Platessa oblongella
decreased from before to after at control reach, whereas its abundance increased from
before to after at the impact one (Table S2). The DistLM analysis indicated that the best-fit
model explaining diatom distribution in As Murteiras was composed by water tempera-
ture, electric conductivity and P-PO43~ (multiple R? = 0.29; Figure S1A). The best-fit model
explaining diatom distribution in Ventin was composed by N-DIN and P-PO,>~ (multiple
R? = 0.22; Figure S1B).

3.3.2. Ecological Status

Diatom indices did not differ between streams, reaches and periods (p > 0.05). In As
Murteiras, in the control (before-after) and impact (before) reaches, diatom samples results
reached the high ecological status with the multimetric MDIAT. However, samples affected
by the eucalypt treatment in the impact reach during the after period were classified as
in good status due to the reduction in the abundance of species such as Eunotia minor or
Navicula angusta (Figure 5). In Ventin, the MDIAT classified the before samples from control
and impact reaches in high status, and those from the “after” period in good ecological
status, regardless of the reach (Figure 5). The IPS classified all the samples in high ecological
status (Figure 5). The average Shannon-Wiener Diversity index values increased over time
at both streams and reaches (Table S3).



Water 2023, 15, 115

10 of 20

S

2D Stress: 0.11

3 A
v 33
vy

4

v

1

A

2 1
A B A
3
v 4
2 v
| 1 A 4
2 - v
> S S
A ‘ v 3
3 3 v
1 M ‘ v
A |
2
4 V‘j 4 2
v v
p) 3
)
S 2D Stress: 0.14 \4

Figure 4. Non-metric Multi Dimensional Scaling (nMDS) analysis of As Murteiras (A) and Ventin (B)
benthic diatom samples during the experiment. Numbers representing collection week (1, 2 before
collections and 3, 4 after collections). Samples were differentiated by symbol and colour: Control
before (open up-triangle), control after (open down-triangle), impact before (grey up-triangle), and
impact after (black down-triangle). Clustering at 60% (green circle).
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Figure 5. Diatom indices values measured before (white bars) and after (grey bars) the eucalypt
addition in As Murteiras (A) and Ventin (B). Lines on Y axis representing the ecological status

boundaries: blue line, high ecological status; and green line, good ecological status. Error bars
represent =1 SE.
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3.4. Invertebrate Assemblages
3.4.1. Invertebrate Composition

A total of 51 invertebrate taxa colonised the 128 stones placed in both streams. The
most abundant taxa in As Murteiras stream were Habrophlebia sp., Leuctra sp., and Baetis sp.;
whereas in Ventin stream were Habrophlebia sp., Leuctra sp., and Hydracarina sp. As for
diatoms, invertebrates’ composition was significantly different between streams (PER-
MANOVA, Pseudo-F =4.780, p < 0.001). SIMPER ~90% of cumulative dissimilarity was due
to 23 taxa, the average dissimilarity between streams being 70.9%. The taxa differing most
between streams were Habrophlebia sp. (13.8%), Leuctra sp. (9.0%), and Baetis sp. (6.7%), as
they were more abundant in As Murteiras. The within-group average samples similarities
were 34.5% and 28.4% for As Murteiras and Ventin streams, respectively.

Those samples from As Murteiras subjected to eucalypt exposure were plotted to-
wards the lower end of the Y axis in the nMDS (Figure 6A). However, no significant
differences were found when analysing the interaction Reach x Period (PERMANOVA,
Pseudo-F = 0.772, p > 0.05). The PERMANOVA analysis of stones sampled in Ventin stream
demonstrated significant differences in the invertebrate composition when analysing the
interaction Reach x Period (Pseudo-F = 2.432, p = 0.01). Nevertheless, samples were homo-
geneously plotted in the nMDS (Figure 6B). No significant differences were found among
dates in any of the streams (PERMANOVA p > 0.05). SIMPER average dissimilarities were
higher at the impact than at the control reach over time in both streams (Tables S4 and S5).
In As Murteiras impact reach, the abundance of the scrapers Habrophlebia sp. Athripsodes sp.
Thremma sp. and Hydraenidae decreased, whereas at control reach, it remained stable
or decreased slightly (Table S4). Although Habrophlebia sp., Elmidae and Orthocladiinae
abundances increased at Ventin impact reach, this increase was more significant at the
control. Hydracarina sp. abundance increased at Ventin impact, whereas at control, it
remained stable (Table S5).
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Figure 6. Cluster analysis of benthic invertebrate community resemblance, as nMDS overlay of As
Murteiras (A) and Ventin (B). Numbers representing collection week. Samples were differentiated
by symbol and colour: Control before (open up-triangle), control after (open down-triangle), impact
before (grey up-triangle), and impact after (black down-triangle). Clustering at 40% (green circle).

3.4.2. Scraper’s Abundance

Invertebrate taxa were classified according to their functional feeding group: shred-
ders, collectors (gatherer and filterers), scrapers and predators. The scrapers were the
most abundant group from stones sampled in both reaches of both streams throughout the
experiment (total abundance > 50%). Scrapers’ mean percentage in samples increased over
time at control reach of As Murteiras (mean 54.6% to 68.4%; Wilcoxon test, p = 0.08) and
Ventin (46.0% to 58.7%; p = 0.08) (Figure 7). However, this percentage decreased at impact
reach of As Murteiras (55.9% to 48.8%; p = 0.78) and it remained stable in Ventin (45.9% to
45.9%; p = 0.23) (Figure 7).
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Figure 7. Changes in the average percentage of scrapers at control and impact reaches of As Murteiras (A)
and Ventin (B) before (white bar) and after (grey bar) the eucalypt addition. Error bars represent &1 SE.

4. Discussion

This study constitutes the first experimental in situ approximation to the effects that
eucalypt leachates per se exert on well-preserved headwaters and on their aquatic benthic
communities. The study results partially support our hypothesis that green food webs of
headwaters could be affected by eucalypt leachates by their influence on the green base.
In particular, we found statistically significant changes in diatom (in As Murteiras) and
invertebrate (in Ventin) assemblages when exposed to eucalypt leachates. In As Murteiras,
this was related to a decrease in the ecological status and a much smaller increase in
biomass accrual (Chl-a) at the impacted reach. Invertebrate scrapers seemed to be slightly
reduced in representation, even though not significantly, in the after period at the impact
reaches of both streams, despite their higher levels of Chl-a. We attribute a lesser effect of
eucalypt in Ventin stream because its greater discharge may have caused higher dilution of
the allelopathic compounds potentially present in the eucalypt leachates.

4.1. Eucalypt Influence on Physical-Chemical Variables

Eucalypt addition seemed to influence higher conductivity levels at the impacted
reaches of both streams, as it has been reported for streams crossing eucalypt plantations in
the Iberian Peninsula [77]. Nevertheless, stream conductivities were low throughout the
experiment and were characteristic of the siliceous geology of this region [36,44]. There
were no changes in pH during this experiment, and oxygen saturation did change with
time, even though values were always close to saturation. Our results differ from Can-
hoto and Laranjeira [41], who reported a drop in water oxygen and pH after eucalypt
leaves addition under summer discharge conditions, not comparable to the continuous
flowing conditions of this summer study. Nutrient contents before adding the euca-
lypt were low in both studied streams, having P-PO,>~ values typical of oligotrophic
streams (P-PO,3~ < 125 ug L~1; [78]; however, higher contents in the Ventin stream
after period at both control and impact reaches corresponded to mesotrophic streams
(P-PO43~ 12.5-37.5 pug L~1; [78]. We expected that eucalypt leachates would increase dis-
solved nutrient contents at impact reaches. Nonetheless, the general P-PO,>~ increase and
N-DIN decrease observed after the eucalypt addition at both reaches and streams seem
to follow the controls” natural tendency, even though changes were more evident in the
after period, with the summer more advanced, in the slightly nutrient richer Ventin. The
in-stream nutrient uptake has been positively correlated to hydrological retention time [79];
thus overall N-DIN reductions in both streams and reaches can be partly attributed to
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autotrophs uptake during the summer months [80,81] when their active growing season
occurs, as suggested by the negative relationship between Chl-a concentration and N-DIN
contents at Ventin impact reach. However, general increases in P-PO,3~ observed in the
streams at control and impact reaches in the ‘after” period were observed, maybe related to
factors other than biota, such as sorption-desorption relationship between stream water
and sediments [82].

4.2. Eucalypt Effect on Biomass Accrual (Chl-a)

In forested headwater streams, seasonal changes in light, organic matter inputs, and
temperature affect biotic demand for nutrients [83]. Chl-a concentrations were low during
the study compared with other Galician second-order streams during summer [84], despite
their correspondence with maximum annual values during spring-summer months, ac-
cording to these authors. Chl-a concentrations increased over time at both streams despite
lower luminosity levels observed at Murteiras in the ‘after’ period, being much more
pronounced at control than at impact reaches. A higher herbivory pressure (in scrapers
abundance) could explain the lower increase in Chl-a concentration at impact vs. control
reaches. However, scrapers percentages at both streams” impact reaches did not increase
over time in response to higher autochthonous biomass, but they only slightly increased at
control reaches in both streams. Therefore, the observed tendency of lower Chl-a increases
at impacted vs. control reaches in the ‘after” period, could be attributed to the toxicity of
eucalypt leachates on stone biofilms. Eucalypt allelopathic compounds are considered to
have a strong phytotoxic effect [26] in terrestrial systems, which can have toxic impacts on
aquatic phototrophic organisms too. As indicated by Zhou and Yu [85], allelochemical pho-
toinhibition of photosynthesis is typically characterised as a reduction in Chl-a fluorescence,
which makes the plant unable to emit the excess energy received from the sun. Thus, this
excess energy is transferred to the oxygen through chlorophyll, generating photo-oxidation
damage. Excessive damage would lead to membrane destruction and chlorophyll oxidation
(see [28]). Eucalypt leaf extracts reduce chlorophyll content in crops, related to possible
poor photosynthesis and, as a result, poor plant growth [86]. Some allelopathic compounds
from eucalypt have been used as inhibitors of photosynthetic activity in the control of
algal blooms [87] and strongly limit the growth of other plant species around them [88].
Exposure to herbicides for long periods and in sunlight can lead to sustained or irreversible
effects in photosynthetic organisms [89].

4.3. Eucalypt Leachates Influencing Diatom Species

Changes in the abundance of the most frequent species caused the community to
change significantly after exposure to eucalypt leachates. Although changes in the Ventin
diatom community were not statistically significant, those samples exposed to eucalypt
were plotted together in the nMDS ordination. Therefore, this suggests that allelopathic
compounds increase the similarity among those samples by replacing sensitive species.
In As Murteiras, several species decreased their abundance in those samples exposed to
eucalypt leachates, contributing to significant differences between Reach x Period in this
stream. The most remarkable: Achnanthidium pyrenaicum, Eunotia minor, Cocconeis euglypta,
Gomphonema gracile and Navicula angusta. E. minor, G. gracile, and N. angusta belong to the
Galician diatom reference community [75,90], and its sensitivity to herbicides has already
been reported in different studies [91,92]. In the Ventin stream the most notable change
was the increase in the abundance of Platessa oblongella at the impact reach, decreasing
at the control one, this species has been considered an indicator of agricultural forested
streams [93] in agreement with our results. However, fewer species change in abundances
at the impact reach, may have influenced the non-significant effect of the Reach x Period
interaction in Ventin. Among the most abundant diatom species in the Ventin stream
was Humidophila schmassmannii, a relatively rare species that prefers weakly mineralised
freshwater oligotrophic environments [94,95]. The Shannon-Wiener diversity index values
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were higher than in other siliceous streams [96], and increased over the summer as in other
studies [97].

The results of the multimetric MDIAT applied to the natural stones collected in the
streams indicated that the ecological status class was reduced at the Murteiras” impact
reach after the eucalypt addition, from high to good in only 2 weeks time, evidencing a
slight reduction in ecological status but always meeting the good ecological status required
by the Water Framework Directive. We attribute this reduction in ecological status to the
decrease in abundance of those diatom species belonging to the reference diatom commu-
nity. The absence of MDIAT response in the Ventin stream might be due to the presence
and dominance of Humidophila schmassmannii in this stream (species not contemplated in
MDIAT reference community; [75], causing all posterior samples to be classified in good
ecological status, and questioning the use of the MDIAT in Ventin samples. The IPS did not
change with eucalypt additions, in agreement with its lack of response to disturbance in
siliceous rivers [98,99].

4.4. Eucalypt Effect on Benthic Invertebrates

Invertebrate assemblages significantly changed their composition at the impact reach
of Ventin stream, and although differences in As Murteiras were not significant, samples
exposed to eucalypt leachates were plotted together in the nMDS ordination. Similarly,
studies conducted in a Galician stream also identified changes in invertebrate detritivores’
composition feeding on submersed leaves between the native deciduous tree leaves and
eucalypt leaves [100]. All the taxa decreasing at Murteiras impact reach but increasing or
remaining stable at control one (i.e., Habrophlebia sp. Athripsodes sp. Thremma sp., and Hy-
draenidae) were scrapers, while Hydracarina sp. (predator) increased at Ventin impact reach.
This result agrees with another study showing higher abundance of Hydracarina sp. on
eucalypt leaves rather than leaves from native tree species [101]. Although Habrophlebia sp.,
Elmidae and Orthocladiinae increased slightly at Ventin impact reach, their increase was
much greater at the control.

Stream detrital resources from eucalypt influence consumers via feeding [102]. Eu-
calypt leaves consumption can cause lower growth rates in some invertebrates, which
cannot reach pupation, and die within 100 days [41]. Others suffer changes in larvae body
stoichiometry and a delay in their development [103]. In this study, green food webs based
on periphyton might have their basal resource (algae biomass and composition) affected by
toxic eucalypt leachates, and this can have an effect, to be discerned, on consumers [104]
that make up the green food chains of these stream ecosystems. We expected a negative
effect of eucalypt on algae, which will propagate to herbivores scrapers that consume this
resource [105]. Either direct adverse toxic effects affecting scrapers” abundance or indirect
effects caused by the reduction in algae biomass available may lead to higher scrapers’
competition for resources and potentially cause a reduction in scrapers” abundance [106].
Our results showed a natural tendency at the stream controls, where increases in benthic
Chl-a between the studied periods were followed by a slight increase in scrapers” abun-
dance. In As Murteiras, although the initial abundance of scrapers was similar at both
reaches, it increased at the control and decreased at the impact, although not significantly.
This fact might be related to the sharp increase experienced by the Chl-a concentrations at
As Murteiras control reach. In Ventin, scrapers abundance was low and very similar over
time at the impact reach, where higher Chl-a values seemed influenced by N-DIN uptake,
as the relationships indicate [107]. Although neither change in scrapers” abundance was
statistically significant, changes in both river controls were close to significance.

We consider this experiment a good first approximation to the effect of eucalypt
leachates on the green food web in aquatic ecosystems. The weak significance of some of the
results should be attributed to the short duration of the experiment. However, the duration
was designed based on the results of previous studies that suggested that eucalypt leaves
were degraded by 50% after two weeks of being introduced into the stream [41]. Changes
in diatom biofilms in response to this toxic substance were quick, as expected. Diatoms
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better showed changes in composition when exposed to eucalypt leachates because, due
to their short life cycles, they respond more rapidly to environmental and anthropogenic
disturbances than multicellular organisms [108]. However, invertebrates have a longer
response time to pressure [109]. Thus, we consider that it could have taken more than two
weeks after adding the eucalypt for the eucalypt leachates to cause changes in the entire
community structure able to colonise of the impact reach, and not only in those individuals
colonising the stones. Despite the short duration of the experiment, signs of the toxic
effect of eucalypt leachates were detected at the basis of the food chain in these aquatic
ecosystems. Future studies are necessary to extend the experiment’s duration, including
the simulation of a more realistic chronic disturbance, instead of a single pulse disturbance,
to test the actual magnitude of the impact of eucalypt leaves leachates on scrapers.

5. Conclusions

The present in situ simulation of eucalypt litter fall on well-preserved forested streams
identified the short-term effects that eucalypt leachates can have on their water chemistry
and biological communities. The composition of benthic diatoms and invertebrates was al-
tered under eucalypt exposure by reducing sensitive taxa. Chl-a concentration experienced
a lower growth on impact samples affected by eucalypt, although we cannot conclude that
the reduction in Chl-a biomass significantly affected scrapers’ abundance. Alterations in
diatoms and invertebrates, the first links in the food chains of stream ecosystems, suggest
that eucalypt addition may result in altered biodiversity, compromising their ability to
reach high and even good ecological status. This study suggests that short-term eucalypt
leaf inputs to streams have per se a negative impact on the stream ecosystem. Applying
best practices (e.g., respecting a wider margin free of effect, between riverside eucalypt
plantations and rivers and streams) is an urgent need to ensure the maintenance and con-
servation of these minimally disturbed stream ecosystems in the northwest of the Iberian
Peninsula. Finally, allelopathic processes potentially underlying such toxicity on green
food webs in headwaters deserve to be studied.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/w15010115/5s1, Table S1: Contribution of dominant diatom
taxa from As Murteiras to the dissimilarities between periods per reach according to SIMPER analysis.
Av. Abund. = average relative abundance; Contrib.% = contribution percentage of diatom taxa.
Cum.% = cumulative contribution percentage. Only taxa with a contribution > 2% are represented.
Diatom taxa whose changes in abundance over time contributed to differentiate between control
and impact are highlighted in bold; Table S2: Contribution of dominant diatom taxa from Ventin to
the dissimilarities between periods per reach according to SIMPER analysis. Av. Abund. = average
relative abundance; Contrib.% = contribution percentage of diatom taxa. Cum.% = cumulative contri-
bution percentage. Only taxa with a contribution > 2% are represented. Diatom taxa whose changes
in abundance over time contributed to differentiate between control and impact are highlighted in
bold; Figure S1: Distance-based redundancy analysis on diatom assemblages in (A) As Murteiras
and (B) Ventin streams. Numbers representing collection date (d7, d14 before collections and d21,
d28 after collections). Samples were differentiated by symbol and colour: Control before (open up-
triangle), control after (open down-triangle), impact before (grey up-triangle), and impact after (black
down-triangle); Table S3: Average values of the Shannon Diversity Index; Table S4: Contribution of
dominant invertebrate taxa from As Murteiras to the dissimilarities between periods per reach accord-
ing to SIMPER analysis. Av. Abund. = average relative abundance; Contrib.% = contribution
percentage of diatom taxa. Cum.% = cumulative contribution percentage. Only taxa with a
contribution > 2% are represented. Invertebrate taxa decreasing at the impact and increasing or
keeping stable at control are highlighted in bold: Table S5: Contribution of dominant invertebrate
taxa from Ventin to the dissimilarities between periods per reach according to SIMPER analysis.
Av. Abund. = average relative abundance; Contrib.% = contribution percentage of diatom taxa.
Cum.% = cumulative contribution percentage. Only taxa with a contribution > 2% are represented.
Invertebrate taxa whose changes in abundance over time contributed to differentiate between control
and impact are highlighted in bold.
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