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• Streams and riparian forests are highly
linked.
• Riparian forests can provide many ecological beneﬁts to agricultural streams.
• Stream biota responded to riparian forests cover in the agricultural streams.
• Catchment-scale land use and pollution
were the main drivers of stream communities.
• Forested riparian zones can enhance
ecological recovery of agricultural
streams.
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a b s t r a c t
Agricultural pollution persists as a signiﬁcant environmental problem for stream ecosystems. Uncultivated buffer
zones or reforestation of riparian zones are advocated as a key management option that could compensate the
harmful land use impacts. The effectiveness of riparian forests to protect ecological conditions of agricultural
streams is yet inconclusive, particularly regarding the beneﬁt of riparian buffers in streams suffering from uninterrupted agricultural diffuse pollution. We studied the effects of riparian land use on periphyton production and
diatom, macrophyte and benthic macroinvertebrate communities in medium-sized agricultural streams by
a) comparing 18 open ﬁeld and forested agricultural stream reach pairs that only differed by the extent of riparian
forest cover, and b) comparing the agricultural reaches to 15 near-natural streams. We found that periphyton
abundance was higher in open reaches than in the forested reaches, but diatom community structure did not respond to the riparian forest cover. Macrophyte and macroinvertebrate communities were clearly affected by the
riparian forest cover. Graminoids dominated in open reaches, whereas bryophytes were more abundant in forested reaches. Shredding invertebrates were more abundant in forested reaches compared to open reaches,
but grazers did not differ between the reach types. Macrophyte trait composition and macroinvertebrate community difference between the reaches were positively related to the difference in riparian forest cover. The community structure of all three groups in the agricultural streams differed distinctly from the near-natural streams.
However, only macrophyte communities in forested agricultural reaches showed resemblance to near-natural
composition. Our results suggest that riparian forests provide ecological beneﬁts that can partly compensate
the impacts of agricultural diffuse pollution. However, community structure of forested agricultural reaches
did not match the near-natural composition in any organism group indicating that catchment-scale management
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and mitigation of diffuse pollution need to be still advocated to achieve ecological goals in stream management
and restoration.
© 2018 Elsevier B.V. All rights reserved.

1. Introduction
Agriculture has changed the landscapes worldwide with pervasive
negative impacts to stream ecosystems (Harding et al., 1998; Allan,
2004; Greenwood et al., 2012). Agricultural streams and rivers tend to
receive extra loads of organic pollution, nutrients, ﬁne inorganic sediments and pesticides from multiple diffuse locations in the catchment,
which together are the major causes for deteriorated ecological conditions in streams (Sponseller et al., 2001; Buck et al., 2004). The impacts
of agriculture on species diversity, community structure and ecosystem
functions are well documented (Tolkkinen et al., 2013; Rosemond et al.,
2015; Turunen et al., 2016). However, mitigation of agricultural diffuse
pollution has been proven to be a difﬁcult task and despite of management effort and legislation, diffuse pollution continues to be a major
problem in streams (Volk et al., 2009).
Typically, agricultural streams have lost their natural riparian vegetation, which can have profound effects on ecosystem structure and
functions (Hawkins et al., 1983; Hladyz et al., 2011). Leaving or creating
riparian buffer strips to protect streams from land use effects are indeed
an increasingly highlighted and applied management tool to reduce nutrient loading and sediment erosion with variable effects on water quality and ecology (Jones et al., 1999; Kiffney et al., 2003; Broadmeadow
and Nisbet, 2004). In addition, riparian forests reduce stream channel
erosion and provide crucial habitat and important ecological corridors
for species migration (Naiman et al., 1993). Intact riparian forests may
not only protect streams from nutrient or sediment pollution but the
shading can protect streams from warming and the effects of climate
change (Sponseller et al., 2001; Kiffney et al., 2003; Johnson and
Almlöf, 2016). However, the understanding of the importance and the
effects of riparian land use on ecological condition in agricultural
streams is still limited. Moreover, studies have mostly focused on
small headwater streams and the effects of forested riparian zones in
larger streams, that are the major management units in EU Water
Framework Directive assessment and ecological status goals, are yet
poorly understood (Feld et al., 2018).
Streams and riparian forests are highly intertwined by reciprocal energy subsidies in form of nutrients, detritus, terrestrial and aquatic insects and physical habitat interactions such as ﬂooding and light
conditions (Gregory et al., 1991; Nakano et al., 1999; Baxter et al.,
2004; Warren et al., 2016). Riparian forests provide shade and organic
matter to streams which reduce solar heating and inﬂuence ecosystem
functions (Vannote et al., 1980; Studinski et al., 2012; Johnson and
Almlöf, 2016). Shaded forest streams with abundant organic matter
stocks tend to be metabolically more heterotrophic (i.e. stream productivity is mainly based on allochthonous organic matter) than open
streams that receive abundant light and thus are more autotrophic
(i.e. functioning is more based on primary production within the
stream) (Vannote et al., 1980; Burrel et al., 2014). Leaf litter is a dominant basal resource in many stream food webs and detritus based ecosystem productivity is reﬂected in the community structure of stream
biota (Cummins et al., 1989; Wallace et al., 1997; Wallace et al., 2015).
Shredding invertebrates that consume leaf litter are typically abundant
in forested stream reaches with abundant leaf litter stocks, whereas
grazers often dominate open reaches that tend to have more instream algal biomass (Cummins et al., 1989; Death and Zimmermann,
2005). By providing shelter from solar heating and wind, presence of riparian forest can also have ﬁtness consequences for terrestrial adult
stages of aquatic insects (Collier and Smith, 2000; Remsburg et al.,
2008; Carlson et al., 2016).

Several studies have attempted to quantify the effectiveness riparian buffers on water quality (Hickey and Doran, 2004; Liu et al.,
2008; Bowler et al., 2012) or compared the relative inﬂuence of
local and catchment scale land use (Sliva and Williams, 2001). In
terms of ecological effects, some studies suggest that catchment
scale land use and degradation is the major anthropogenic driver
for stream biota and that local riparian land use has relatively little
effect (Roth et al., 1996; Harding et al., 2006; Death and Collier,
2010; Wahl et al., 2013), while others report stronger relation between reach scale riparian land use and biological metrics than
catchment land use (Storey and Cowley, 1997; Jones et al., 1999;
Lammert and Allan, 1999). Despite of the often assumed beneﬁts of
forested riparian zones to streams, it is unclear whether catchment
scale pressures and stressors (altered ﬂow regime, sediment and nutrient pollution) restrict any beneﬁts of local scale habitat factors to
stream biota (Palmer et al., 2010; Bernhardt and Palmer, 2011). In
certain cases buffer strips or small scale reforestation might have little effect on water quality if the majority of pollution is carried by
drainage ditch network to receiving streams (Osborne and Kovacic,
1993; Walsh et al., 2007; Feld et al., 2018). For stream management,
it is highly relevant to understand if riparian forests, as a management tool, have beneﬁcial impacts on stream ecosystems despite
the continuous stress from agricultural diffuse pollution or is the diffuse pollution a major stressor driving the community structure by
overruling any effects of riparian forests.
In this study, we use within- and between stream comparisons of
periphytic diatom, macrophyte and macroinvertebrate communities in
boreal stream reaches draining agricultural catchments but with contrasting reach-scale forest cover, and a set of near-natural streams, to
explore the inﬂuence of riparian land use on the mitigation of harmful
impacts of agricultural catchment-level diffuse pollution. We did not expect the riparian forest to have effect on water quality because the reach
types within a stream were close to each other and riparian forests do
not occur extensively along stream corridors limiting their effectiveness. In addition, a large portion of agricultural pollution comes from
drainage ditches, thus reducing the effectiveness of riparian forests in
mitigating pollution. We speciﬁcally asked if, i) riparian forest has any
inﬂuence on species and trait composition and periphyton production
irrespective of diffuse pollution, or is diffuse pollution overruling the potential effects of riparian forests; ii) How the response varies between
different organism groups; and iii) Does community composition in forested reaches resemble more that of natural streams than open reaches
suggesting positive effect of riparian forest on ecological conditions of
stream reach. Due to the rather low diffuse pollution level in these
streams (Turunen et al., 2016) we expected that, i) the riparian forest
would have an effect on periphyton abundance, community and trait
composition of diatoms, macrophytes and macroinvertebrates. Especially, we expected ii) diatoms to have the weakest response to forest
cover, whereas macrophytes and macroinvertebrates were expected
to be more inﬂuenced by provision of shade and organic matter by riparian forest. We also anticipated that iii) riparian forest would result
in a macroinvertebrate and macrophyte community structure to resemble composition of natural streams. Speciﬁcally we assumed that iv) forested reaches would be dominated by low growth proﬁle diatoms
adapted to low light conditions and high growth proﬁle diatoms
would dominate in open reaches (Lange et al., 2011). Periphyton production, graminoid plant and grazer abundance would be lower, but
shredder abundance and bryophyte cover higher in forested stream
reaches compared to open reaches.
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2. Material & methods
The streams were located in lowland (b200 m asl) catchments in
western and central Finland (60.8–64.9°N, 21.6–31.0°E). Local bedrock
is mostly siliceous and extensive peatland soils are common in the
area. Due to these factors, streams in the area are typically slightly acidic
and colored by dissolved organic carbon and suspended solids. Catchments are typically covered equally with coniferous and mixed forests
(Corine Land cover 2012 data). The main anthropogenic alterations of
the streams are due to diffuse pollution from agricultural land use, modiﬁcation of channel conditions, and alteration of riparian areas to pasture and ﬁelds. Most of the streams are free-ﬂowing, but few have
dams which are mostly used for hydropower production. Despite recent
observations of decreasing agricultural nutrient pollution (Ekholm et al.,
2015), diffuse loading of nutrients and suspended solids in agricultural
catchments are distinctly above natural variation and an ongoing challenge for waterbody management.
We selected 18 medium-sized (mean catchment area 235 km2) 3rd
to 4th order streams that represent the agricultural land use gradient
and diffuse pollution stress across the region (Table 1). We used aerial
images and did conﬁrming ﬁeld visits to select from each stream two
100–200 m long rifﬂe reaches, one having an extensive cover of riparian
forest (hereafter forested reach) and one having an altered riparian vegetation with reduced forest cover, with shrubs, few trees and ﬁelds
(hereafter open reach). We aimed to select reaches that within each
stream would only differ by the integrity of their riparian forest. Therefore, the paired reaches were selected to represent similar channel
physical conditions and, closely located (mean distance 3.1 km) to represent similar water quality (Table 1). The extent of forests in forested
reaches varied from few hundred meters to few kilometers in radius
around the reach. The extent of ﬁeld cover around open reaches was
similar to the extent of forests in forested reaches.
Assessment of impacts ideally includes comparison to near-natural
references (Downes et al., 2002). We therefore used existing data
(Turunen et al., 2016) from 15 near-natural reference streams with at

Table 1
Means and ranges of chemical and physical habitat and land use variables among forested
and open reaches in the 18 agricultural streams and among forested reaches in the 15
near-natural streams. Temperatures were measured only in the agricultural streams in
July 2017.
Variable

Suspended solids (mg/l)
Total phosphorus (μg/l)
Electric conductivity (μS/m)
pH
Mean depth (cm)
Mean width (m)
Mean ﬂow velocity (m/s)
Average substrate size
(Wentworth scale)
Number of large woody debris
Canopy cover (%)
Catchment area (km2)

Agricultural streams
Open
reaches

Near-natural
streams

22 (9–37)
73 (39–160)
50 (25–73)
5.9 (5.1–6.6)
48 (22–73)
11.7
(4.5–24.5)
0.6 (0.4–1.4)
6.3 (4.0–7.4)

22 (12–39)
77 (41–160)
52 (32–78)
5.9 (5.1–6.4)
50 (21–73)
10.4
(3.3–22.2)
0.7 (0.3–1.0)
6.2 (4.0–7.5)

3 (0.6–11)
17 (10–29)
30 (16–62)
6.2 (5.0–6.9)
45 (22–80)
11.0
(3.5–25.2)
0.5 (0.2–1-2)
6.4 (4.2–7.8)

2 (0–4)
22 (2–40)
236
(72–879)
11 (3−23)

24 (3−100)
51 (27–65)
197 (38–861)

5 (0–36)
13.8
(12.0–16.8)
17.4
(15.3–21.3)
14.1
(13.1–15.3)
24.1
(20.6–26.4)

most scattered agricultural land use in their catchments (agricultural
ﬁeld cover 0–5%) and, natural riparian forest in their studied reach.
The near-natural streams resembled agricultural streams in all their
natural characteristics (i.e. catchment size, geology and channel substrate) except the level of agricultural diffuse pollution (Table 1).
2.1. Water chemistry and physical habitat
Field surveys in the agricultural streams were conducted between
July and September 2016. Temperatures were further recorded in July
2017. We measured total phosphorus and suspended solid concentrations and electric conductivity from each stream at open and forested
reaches to verify that the level of diffuse pollution was similar between
the sites (Table 1). The chemical water quality parameters were measured in the laboratory by using national standards (National Board of
Waters, 1981), pH and electric conductivity were measured in situ
using YSI-professional plus-meter (YSI Inc., Yellowsprings, Ohio, USA).
Water and riparian air temperature were recorded at an hourly interval
using loggers (iButton; Thermochron, Maxim Integrated, San Jose, USA).
The loggers in the riparian zone were attached to trees at 1.5 m height at
1.5 m distance from the stream in shadow to ensure that the loggers
measured air temperature and were not inﬂuenced by direct solar radiation. In open reaches the loggers were attached to shrubs or sporadic
trees present in the riparian zone. The loggers in streams were attached
with iron bars to the stream bottom at 30–60 cm depth and within 3 m
from stream margin.
Substrate size distribution was estimated in 15 randomly placed
0.25 m2 quadrates as percentage cover of ten size classes from ﬁne sediments (ø b 0.2 cm) to large boulders (ø N 25 cm) (modiﬁed Wentworth
scale). Amount of LWD (Large Woody Debris) was measured by calculating the number of pieces of wood (larger than 10 cm in diameter)
along the 200 m reach. The canopy cover of riparian trees was estimated
at 10 transects (ﬁve transects on both sides of the channel). At each
transect we visually estimated the percentage cover of canopy vegetation at three points, at the center of the channel, stream margin and
within the riparian zone 10 m from the margin, through a 30 cm diameter cylindrical tube. Mean cover was calculated for the whole reach.
We further used ArcMap™ (ESRI, Redlands, California, USA) GIS software to calculate the percentage of agricultural and forest land from
Corine Land cover 2012 data within a 100 m buffer to quantify the forest
cover in the riparian zone and for the whole catchment.
2.2. Biological sampling

Forested
reaches

5 (0–17)
54 (32–70)
227
(71–836)
Agricultural land use in catchment 11 (2−23)
(%)
Forest cover in 100 m buffer (%)
70 (26–95)
Mean stream water temperature
13.8
(°C)
(11.3–17.1)
Maximum stream water
18.3
temperature (°C)
(15.8–22.4)
Mean riparian air temperature
13.9
(°C)
(12.8–14.8)
Maximum riparian air
23.2
temperature (°C)
(20.8–26.1)
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1 (0–5)
84 (54–100)
–
–
–
–

We sampled from the channel in each reach the species composition
of three organism groups that are most commonly used in stream bioassessment and are the main groups that deﬁne the environmental quality criteria in European Water Framework Directive (WFD) legislation
(Hering et al., 2010). All sampling was conducted using national guidelines for WFD implementation (Meissner et al., 2016).
Periphytic diatom communities were sampled from ﬁve randomly
selected stones at each reach. Approximately 50 cm2 area from the
upper surface of stones was washed with tooth brush and the dislodged
material was preserved in 90% ethanol. From each sample, 400 diatom
valves were counted and identiﬁed to species level (according to
Lange-Bertalot et al., 2017), and the relative abundance of species was
used in data analyses. We also divided diatoms in three ecological guilds
(motile, high proﬁle and low proﬁle) based on their growth form and
mobility according to Passy (2007), Berthon et al. (2011) and Rimet
and Bouchez (2011). In addition, we measured periphyton abundance
at each reach with BenthoTorch™ ﬂuorometer that estimates the
algae abundance on surfaces in situ (Harris and Graham, 2015). We
sampled ten stones that were approximately 150–300 mm in diameter
and the area measured by the ﬂuorometer was 1 cm2 from each stone.
Macrophytes (vascular plants and bryophytes) were surveyed from
20 m sections, each section was divided in 100 squares (see Turunen
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et al., 2016 for details). The frequency of occurrence of each species was
estimated by counting the squares where species occurred and abundance was estimated as average cover in the squares. In data analysis
we multiplied the abundance estimates with frequency estimates to
summarize the occurrence and coverage of macrophyte species. Macrophytes were divided in three ecological guilds (graminoids, forbs and
bryophytes) to explore plant trait responses to riparian forest cover.
We used this grouping, because these streams tend to lack clear vegetational zonation of macrophyte growth forms.
Benthic macroinvertebrates were sampled by taking four 30-s kicknet samples covering most microhabitats present at a site. This method
is known to capture about 75% of taxa present in a given reach, mainly
missing species with sporadic occurrence in streams (Mykrä et al.,
2006). Invertebrates were preserved in 70% ethanol in the ﬁeld and
samples were later sorted in the laboratory. All invertebrates were identiﬁed and counted, mainly to species or genus (except Chironomidae,
Simuliidae, Ceratopogoniidae and oligochaetes which were identiﬁed
at a coarser level) according to Lillehammer (1988), Engblom (2001),
Nilsson (2001), Reusch and Oosterbroek (2001) and Rinne and
Wiberg-Larsen (2017). Invertebrates were divided to functional feeding
groups according to Moog (2002) to explore functional community responses and especially grazer and shredder feeding group responses
to riparian forest cover.
2.3. Statistical analyses
To study whether community composition in forested reaches differed from open reaches and to explore its similarity to the nearnatural streams we used Non-parametric Multidimensional Scaling
(NMDS). First we visualized the community structure in NMDS ordination space and subsequently run a permutational multivariate analysis
of variance (PERMANOVA) (Anderson, 2001) to explore whether differences have statistical signiﬁcance. We built NMDS with calculated BrayCurtis dissimilarities in taxonomic and functional structure of each of
the biological communities between the open and forested stream
reaches within each stream using the function vegdist in package
vegan (Oksanen et al., 2018, version 2.5-2). Diatom proportion data
were arcsine square root -transformed and macrophyte and macroinvertebrate data log10 (x + 1) -transformed prior to calculation.
We used indicator species analysis (IndVal; Dufrêne and Legendre,
1997) in the R package labdsv (Roberts, 2012) to identify potential indicator taxa that were driving the differences in community composition
when PERMANOVA indicated differences between stream and reach
types. IndVal analysis yields an indicator value (IV) for a species in
each a priori deﬁned site group. IV for a taxon varies from 0 to 100,
and it attains its maximum value when all individuals of a taxon occur
at all sites of a single group. Signiﬁcance of the indicator value for each
taxon was tested by a Monte Carlo randomization test with 1000 permutations. We considered species with IV N 50 (and signiﬁcant at α =
0.05) as strong indicators.
To test for differences between the open and forested reaches in univariate response variables (abundance of periphyton, percentage of motile, high and low growth proﬁle diatoms, bryophyte cover, graminoid,
grazer and shredder abundance) we used linear mixed-effects models
(LMM; function lme in R-package nlme; Pinheiro et al., 2017). In
LMM, reach type (open vs. forested) was ﬁxed effect and stream identity and samples nested within streams were treated as random effects.
We also included VarIdent function in the model to allow heterogeneity
in variance structure among treatments. The ﬁt of models was inspected
using residual plots and were found to satisfy the assumptions of normality and heterogeneity of residuals for parametric analysis.
Finally, we explored whether the community dissimilarity among
the agricultural stream reaches was related to the extent of their riparian forest cover (difference in % cover between forested and open reach)
by using linear regression. All analyses were performed using R software (version 3.5.0; R Core Team, 2018).

3. Results
Agricultural land use in the catchment, substrate composition, and
water quality were similar between the forested and open reaches of
the agricultural streams (Table 1). As was pursued with the study design, the only difference was in the reach scale forest and canopy
cover. The riparian forest cover in the forested reaches in the agricultural streams was similar to the near-natural streams. The agricultural
streams were distinctly impacted by diffuse pollution (levels of
suspended solids, total phosphorus, electric conductivity) as compared
the near-natural streams (Table 1). In the course of summer 2017,
water or riparian air temperatures means did not differ among the
reaches in the agricultural streams, but maximum air temperatures
were higher in open reaches compared to forested reaches (Table 1).
Summer of 2017 was one of the coldest in the recent history in
Finland (Finnish Meteorological Institute, http://en.ilmatieteenlaitos.ﬁ/
press-release/381637163), which was likely the main reason for low effects of riparian land cover on water temperature.
Diatom community composition did not differ between the open
and forested reaches in the agricultural streams (F1, 34 = 1.0, R2 =
0.03, P = 0.426; Fig. 1a). However, the forested (F1, 31 = 6.7, R2 =
0.18, P b 0.001) and open (F1, 31 = 7.0, R2 = 0.18, P b 0.001) agricultural
reaches had distinctly different composition than in the near-natural
streams, indicating strong effect of agricultural diffuse pollution on the
diatom assemblages. Indicator value analysis indicated Eunotia
meisterioides, Navicula rhynchocephala, Gomphonema exilissimum as associated to agricultural streams in both open and forested reaches
(Table 2), whereas Tabellaria ﬂocculosa, Eunotia incisa and Eunotia
meisteri were most strongly associated to near-natural streams
(Table 2).
Macrophyte community composition in the forested reaches differed from the open reaches (F1, 34 = 2.9, R2 = 0.08, P = 0.004) and
from the composition in near-natural streams (F1, 31 = 3.7, R2 = 0.11,
P b 0.001). The NMDS ordination of sites showed that the forested
reaches resembled both the open and the near-natural reaches
(Fig. 1b). The moss Fontinalis dalecarlica and the liverwort Scapania
undulata were more abundant in near-natural streams compared forested and open reaches (Table 3). Relative to near-natural streams,
open reaches had a distinct set of indicator taxa such as helophytes
Equistetum ﬂuviatile, Carex acuta and Phalaris arundinacea (Table 3).
The macroinvertebrate community composition in forested reaches
did not differ signiﬁcantly from open reaches (F1, 34 = 0.30, R2 = 0.009,
P = 0.990) and did not resemble composition in near-natural streams
(F1, 31 = 5.92, R2 = 0.16, P b 0.001). Strongest indicator taxa for nearnatural streams were Leptophlebia sp. and Heptagenia sulphurea mayﬂies, Lepidostoma hirtum, Polycentropus ﬂavomaculatus, Hydropsyche
pellucidula caddis ﬂies and Isoperla sp. stoneﬂies (Table 4). Open and
forested reaches had similar indicator taxa relative to near-natural
streams such as Baetis vernus -group mayﬂies, Asellus aquaticus isopods,
oligochaete worms and Leuctra sp. stoneﬂies, however elmid beetles
(Elmis aenea, Oulimnius tuberculatus) were more associated to open
reaches (Table 4).
The linear mixed models showed that periphyton abundance was
lower in forested reaches compared to open reaches (t = −2.9, P =
0.004, Table 5). The percentage of motile, low and high proﬁle diatom
growth forms did not differ between reach types (all P N 0.590). Bryophytes were more abundant in forested stream reaches (t = 3.3, P =
0.001), whereas graminoids were more abundant in open reaches (t
= −3.8, P = 0.001). From macroinvertebrates, total grazer abundance
did not differ between the reach types (t = −0.4, P = 0.724), but shredders were more abundant in forested reaches compared to open reaches
(t = 3.0, P = 0.003).
Diatom community (F1, 16 = 0.53, R2 = −0.03, P = 0.476) and ecological guild (F1, 16 = 0.90, R2 = −0.006, P = 0.356) dissimilarity between the stream reaches had no relationship to between-reach
difference in riparian forest cover (Fig. 2a, b). Macrophyte community
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Fig. 1. Diatom (a), macrophyte (b) and macroinvertebrate (c) Nonmetric Multidimensional Scaling (NMDS) ordinations with 95% conﬁdence ellipses around centroids. The points and
open triangles indicate near-natural streams and forested reaches in agricultural streams, respectively, and the open circles represent the open reaches in agricultural streams.

dissimilarity increased with forest cover difference but the relationship
only bordered signiﬁcance (F1, 16 = 3.12, R2 = 0.11, P = 0.097) (Fig. 2c).
Macrophyte guild dissimilarity between reaches was positively related
to the difference in riparian forest cover (F1, 16 = 5.17, R2 = 0.20, P =
0.037) (Fig. 2d), indicating larger differences in macrophytes with decreasing riparian forest cover. Macroinvertebrate community dissimilarity was also positively related to forest cover difference (F1, 16 =
7.59, R2 = 0.28, P = 0.014), whereas relationship between functional

Table 2
Diatom indicator taxa for each stream reach type, together with their indicator values (IV)
and associated P-values. Indicators for near-natural streams are relative to agricultural
open stream reaches. Indicators for agricultural forested and open reaches are relative to
near-natural streams.
Stream reach type

Taxa

IV

P-value

Near-natural

Tabellaria ﬂocculosa
Eunotia incisa
Eunotia meisteri
Eunotia implicata
Staurosira pinnata
Achnanthidium linearioides
Eunotia meisterioides
Navicula rhynchocephala
Gomphonema exilissimum
Eunotia minor
Pinnularia subcapitata
Nitzschia dissipata
Karayevia oblongella
Adlaﬁa minuscula
Eunotia meisterioides
Nitzschia dissipata
Gomphonema exilissimum
Pinnularia subcapitata
Eunotia minor
Karayevia oblongella
Pinnularia perirrorata

0.847
0.733
0.666
0.635
0.600
0.501
0.944
0.825
0.722
0.712
0.709
0.693
0.686
0.594
0.889
0.736
0.722
0.704
0.652
0.621
0.500

0.004
0.001
0.001
0.001
0.003
0.002
0.001
0.001
0.001
0.007
0.001
0.001
0.011
0.018
0.001
0.001
0.001
0.002
0.015
0.023
0.003

Agricultural, forested

Agricultural, open

feeding group dissimilarity to forest cover difference only bordered signiﬁcance (F1, 16 = 4.06, R2 = 0.15, P = 0.061) (Fig. 2e, f).
4. Discussion
Forested riparian buffers may inﬂuence local water temperature, nutrient and substrate conditions and thus the local community structure
(Jones et al., 1999; Sponseller et al., 2001). Understanding the extent to
which forested riparian zones could improve reach scale ecological conditions in agricultural streams that suffer from catchment scale diffuse
pollution is increasing (see Feld et al., 2018) but yet inconclusive. We
found that in the mid-sized boreal agricultural streams the effect of forest was most pronounced for macrophytes and to moderate degree for
benthic invertebrates, whereas benthic diatom communities did not respond to riparian forest cover. All groups were strongly inﬂuenced by
catchment-scale agricultural land use impact on water quality. An interesting ﬁnding was that macrophyte composition in forested agricultural
stream reaches was similar to both the open agriculturally impacted
reaches and the near-natural streams, suggesting that the presence of
riparian forest in agricultural streams generated community structure

Table 3
Macrophyte indicator taxa for each stream reach type, together with their indicator values
(IV) and associated P-values. Indicators for near-natural streams are relative to agricultural open stream reaches. Indicators for forested and open reaches are relative to nearnatural streams.
Stream reach type

Taxa

IV

P-value

Near-natural

Fontinalis dalecarlica
Scapania undulata
Galium palustre
Equisetum ﬂuviatile
Galium palustre
Carex acuta
Phalaris arundinacea

0.861
0.784
0.531
0.722
0.684
0.651
0.534

0.001
0.001
0.004
0.002
0.001
0.023
0.031

Agricultural, forested
Agricultural, open
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Table 4
Macroinvertebrate indicator taxa for each stream reach type, together with their indicator
values (IV) and associated P-values. Indicators for near-natural streams are relative to agricultural open stream reaches. Indicators for forested and open reaches are relative to
near-natural streams.
Stream reach type

Taxa

IV

P-value

Near-natural

Leptophlebia sp.
Lepidostoma hirtum
Polycentropus ﬂavomaculatus
Heptagenia sulphurea
Isoperla sp.
Hydropsyche pellucidula
Ithytrichia sp.
Baetis vernus group
Nemoura sp.
Oligochaeta
Leuctra sp.
Asellus aquaticus
Baetis rhodani
Limnius volckmari
Rhyacophila nubila
Capnopsis schilleri
Dicranota sp.
Hydraena sp.
Ephemerella ignita
Asellus aquaticus
Baetis vernus group
Oligochaeta
Dicranota sp.
Elmis aenea
Nemoura sp.
Oulimnius tuberculatus
Limnius volckmari
Capnopsis schilleri
Rhyacophila nubila
Ephemerella ignita

0.777
0.737
0.715
0.677
0.646
0.643
0.527
0.938
0.818
0.809
0.766
0.745
0.744
0.708
0.683
0.675
0.560
0.537
0.510
0.920
0.858
0.858
0.789
0.781
0.771
0.738
0.681
0.641
0.640
0.577

0.020
0.004
0.027
0.007
0.023
0.028
0.004
0.001
0.001
0.001
0.006
0.002
0.036
0.020
0.014
0.007
0.041
0.035
0.019
0.001
0.001
0.001
0.001
0.027
0.008
0.042
0.016
0.023
0.048
0.003

Agricultural, forested

Agricultural, open

towards the desired direction, i.e. towards the unpolluted near-natural
reference streams. By contrast, and despite the observed responses in
macroinvertebrate assemblages to riparian forest cover, the community
structure in forested reaches did not resemble the composition in natural streams, suggesting that forest cover did not cause unidirectional
change towards natural structure.
4.1. Ecological responses
Forest cover was expected to increase shading and reduce water
temperature, which are important environmental factors for periphyton
production and structure of diatom assemblages (Bothwell, 1988;
Sponseller et al., 2001; Lange et al., 2011). We found that periphyton
abundance was higher in open reaches compared to shaded reaches,
likely as a result of higher light availability in open reaches (Kiffney
et al., 2003; Burrel et al., 2014). However, diatom community and trait
structure did not respond to reach scale riparian forest cover, suggesting
that status of riparian vegetation has no effect on diatoms in agricultural
streams (Hlúbikova et al., 2014). Indeed, water quality (nutrients,

suspended sediments) placed stronger control on diatom community
structure than shading by riparian forest (Hlúbikova et al., 2014;
Johnson and Almlöf, 2016) also in medium-sized agricultural streams
that are not completely shaded in the forested reaches.
Macrophytes had a distinct community change related to forest
cover, highlighting the importance of shading in controlling the macrophyte abundance and community structure (Canﬁeld and Hoyer, 1988;
O'Grady, 1993). The community change was particularly related to decrease in graminoid species abundance and increase in bryophyte
cover from open to forested reaches. The change in macrophyte assemblage reﬂects differences in light availability between the open and forested reaches as many grass species have competitive advantage in high
light conditions (Kotowski and van Diggelen, 2004). Bryophytes, on the
other hand, thrive in shaded streams (He et al., 2016), although the effect of riparian forest on bryophyte cover was rather small in our study.
Differences in diatom and macrophyte responses is likely mediated by
differences in light. Many aquatic plants such as helophytes have emergent or ﬂoating leaves and use the solar radiation for photosynthesis.
The difference in light caused by riparian forest is likely larger for emergent macrophytes than for diatoms because of the turbid water in these
streams and complete dependence of diatoms for light that reach the
benthic habitat.
The community structure of macrophytes in forested reaches was
signiﬁcantly different from open reaches. However, the communities
in forested reaches were towards community structure found in nearnatural streams. The difference between forested agricultural reaches
and the near-natural streams was mainly due to differences in bryophytes occurrence and abundance. Several bryophyte species have
been found to be sensitive to nutrient pollution or sedimentation stress
(Vanderpoorten et al., 1999; Ceschin et al., 2012; Turunen et al., 2017).
Fontinalis dalecarlica and Scapania undulata were indicator species for
near-natural streams, suggesting that presence of riparian forest alone
does not recover these taxa to natural abundance. In addition to nutrient pollution, Fontinalis mosses and Scapania liverworts are sensitive
to ﬁne sediment stress (Vanderpoorten and Klein, 1999; Turunen
et al., 2017) and the physical stress caused by suspended sediments in
these agricultural streams could be one reason for reduced bryophyte
abundance relative to near-natural streams.
Forest cover had an impact on macroinvertebrate community structure as the communities between reaches within a stream were more
dissimilar as the difference in forest cover increased. Forested sites
had higher abundance of shredders. Riparian forests provide organic
matter and especially leaf detritus to streams that was likely the mechanism explaining higher shredder abundance in forested stream
reaches (Johnson and Almlöf, 2016; Thomas et al., 2016). However,
grazers were not more abundant in open reaches which had higher periphyton abundance. The reasons for rather low effect of riparian forest
on invertebrates could be partly attributed to the modest effect of riparian forest on water temperature which has major role in structuring invertebrate communities (Sponseller et al., 2001; Piggot et al., 2015).
Differences in resource availability between the reaches does not necessarily cause striking difference in community structure. Thomas et al.

Table 5
The means of periphyton abundance, diatomand and macrophyte guilds, macroinvertebrate functional feeding groups and results of linear mixed effects (LME) models for each variable.
Statistically signiﬁcant differences (P b 0.05) are bolded. (f × a) means frequency multiplied by abundance. ⁎ Response variable log (x + 1) transformed for LME analysis.
Variable

Mean
(Forest)

SE mean
(Forest)

Mean
(Open)

SE mean
(Open)

Effect

SE effect

Df

t

P

Periphyton (ug/cm2)
High proﬁle diatoms (%)
Low proﬁle diatoms (%)
Motile diatoms (%)
Bryophyte cover (%)
Graminoids (f × a)
Grazer abundance
Shredder abundance

2.0
43.0
29.0
28.1
37.7
38
942
735

1.6
6.5
6.8
5.7
5.5
14.2
327
141

2.7
41.8
32.7
25.5
31.0
127
988
524

1.8
5.7
5.4
5.6
4.4
30.2
356
86

−0.8
1.2
−3.7
2.6
6.7
−89
−0.02*
0.14*

0.28
4.4
6.9
4.9
2
23
0.05
0.05

156
17
17
17
521
17
125
125

−2.9
0.3
−0.5
0.5
3.3
−3.8
−0.4
3.0

0.004
0.796
0.593
0.608
0.001
0.001
0.724
0.003
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Fig. 2. Relationships of Bray-Curtis dissimilarities of diatom (a) community and (b) guild structure, macrophyte (c) community and (d) guild structure, and macroinvertebrate community
(e) and functional feeding group structure (f), and riparian forest cover differences between two reaches with contrasting riparian land use in each 18 agricultural streams. The lines show
ﬁtted signiﬁcant linear regression models.

(2016) found that the energetic resources of invertebrates were split
50:50 to terrestrial and aquatic origins in all functional feeding groups
irrespective of the presence of riparian forest. Thus, many benthic invertebrates show considerable feeding plasticity and can cope with alternative food resources (Friberg and Jacobsen, 1994; Dangles, 2002). In our
streams the open reaches were rarely completely devoid of deciduous
trees (Table 1). In addition, open reaches could be subsidized by alternative allochthonous organic matter sources such as grass detritus, livestock efﬂuent and DOM (Burrel et al., 2014). In this respect, the
invertebrate production might have been only partly limited by lack of
detritus in the open reaches and the open reaches were likely strongly
heterotrophic (Burrel et al., 2014; Johnson and Almlöf, 2016).
Previous studies have found variable results that either suggests that
catchment scale land use has a dominating effect on benthic macroinvertebrate communities (Roth et al., 1996; Harding et al., 2006; Death
and Collier, 2010; Wahl et al., 2013) or the riparian land use is the
most inﬂuential factor (Storey and Cowley, 1997; Lammert and Allan,
1999; Sponseller et al., 2001). In addition, other authors point that agricultural land use inﬂuences aquatic and riparian communities, regardless of the scale considered (Allan, 2004; Burcher et al., 2007). Never
the less, if catchment level degradation and pollution is very high, the
presence of riparian forest at reach scale could be meaningless for
stream biota (Harding et al., 2006; Wahl et al., 2013) and could explain

the difference in the conclusions of previous studies. In our streams, riparian forest cover had effect on invertebrate communities but catchmentlevel agricultural land use was still the major driver of invertebrate assemblage composition because the macroinvertebrate communities in
forested reaches did not resemble communities found in the nearnatural streams of similar size and geology. The invertebrate taxa that
were indicators for near-natural streams (Leptophlebia sp., Lepidostoma
hirtum, Polycentropus ﬂavomaculatus, Isoperla sp. and Heptagenia
sulphurea) have been observed to be sensitive to sedimentation stress
(Suurkuukka et al., 2014; Mustonen et al., 2016; Turunen et al., 2018). It
is possible that the constantly high levels of suspended sediments causes
physical stress and the presence of riparian forest does not alone allow recovery of these species to natural abundance. Overall, the change in macroinvertebrate assemblages attributable to the presence of riparian forest
was partial and not unidirectional pattern towards natural assemblage.
This result also highlights that natural variation in community composition between streams likely causes different community change trajectories related to the extent of riparian forest cover.
4.2. Conclusions and implications for management
Our results suggest that riparian forests can improve the ecological
conditions of agriculturally polluted streams, even in mid-sized
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channels where the direct effects of forests on water quality or temperature may be less pronounced. The inﬂuence of riparian forest may also
vary among organism groups. Diatoms were most strongly controlled
by water quality whereas macrophytes and macroinvertebrates were
also responsive to the presence of riparian forest, emphasizing that multiple biological endpoints are needed in stream assessment to get a full
picture of the ecosystem status.
Our results do reiterate that mitigation of catchment scale diffuse
pollution is a key to ecological improvement in medium-sized agricultural streams (Turunen et al., 2016; Feld et al., 2018). However, our results also indicate that forested zones adjacent to stream reaches should
be supported in agricultural land use planning and management of
stream ecosystems. In doing so, the natural riparian forests could partly
compensate the harmful impacts of diffuse pollution on ecological quality. Reach-scale reforestation of riparian zones could also be incorporated as a toolkit in stream restoration programs to support reestablishment of the native biota, forming an important part of sustainable management and ecological improvement of agricultural streams.
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