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Abstract

Aims: Many rivers across the globe are severely impacted by changed flooding re-
gimes, resulting in drastic shifts in vegetation, but the processes driving the exchange
of flood-sensitive and flood-tolerant species are understood less. We studied the role
of long-term and recent flooding histories for riparian plant recruitment in response
to various changes in flooding regime.

Location: Vindel River catchment (Northern Sweden).

Methods: We experimentally changed long-term flooding regimes by transplanting
turfs between high and low elevations in 2000 and in 2014 (n = 8 per treatment). We
sowed seeds of five riparian species in both transplanted turfs and non-transplanted
controls and counted seedling numbers over two growing seasons. Further, we inven-
toried natural seedling frequencies in 190 plots in 19 reaches in 2013 and 2014, and
related natural seedling numbers to plot flooding history in the period 2012-2014.
Results: We observed effects of long-term flooding history in the second year of the
transplantation study (2015), but not in the first year. In 2015, turfs transplanted to loca-
tions with less flooding resulted in higher plant recruitment while transplantation to
sites with more frequent flooding reduced recruitment compared to the controls. Since
these differences were only found in recently transplanted turfs and not in older turfs,
the legacy effect of long-term flooding history can be transient. In the field seedling
survey, similar differences were found between flooding-history categories in 2013, but
not in 2014, when the moisture conditions of the most recent year determined flooding.
Further, lowest seedling numbers were observed when the previous flooding occurred
in winter, and higher seedling numbers when floods occurred in spring or not at all.
Conclusions: Both long-term and recent flooding histories can affect plant recruitment,

and their influence should be taken into account when designing restoration projects.

KEYWORDS
dispersal filtering, environmental filtering, flood dynamics, historic contingency, legacy
effects, plant recruitment window, regime shifts, window of opportunity, zonation
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1 | INTRODUCTION

Plant communities are dynamic, subjected to continuous change due
to species interactions, colonisation and extinction, aided by sto-
chastic or predictable disturbances (Li & Pennings, 2016; Mahoney &
Rood, 1998; Menge & Sutherland, 1987; Pennings & Callaway, 1992).
The interface between water and land along rivers and streams (ri-
parian ecosystem) is one of these very dynamic and frequently dis-
turbed ecosystems, and due to its important ecosystem services
(Naiman & Décamps, 1997), understanding what shapes these
species-rich plant communities has become critical. Such knowl-
edge is also increasingly important since almost all river systems
worldwide are threatened by flow management and climate change
that can drastically alter the flow regime (Hirabayashi et al., 2013;
Nilsson, Reidy, Dynesius, & Revenga, 2005; Winemiller et al., 2016).
Extreme flooding events, but also years with extreme droughts
are predicted to become more common (Hirabayashi et al., 2013).
Because of the direct consequences of the flooding regime for dis-
persal, germination, establishment, and growing conditions, such
changed flooding regimes can induce vegetation changes. However,
we have limited insight in how processes such as germination and es-
tablishment lead to these changes (Beauchamp & Stromberg, 2007;
Fraaije, ter Braak, Verduyn, Verhoeven, & Soons, 2015; Levine &
Stromberg, 2001; Nilsson, Jansson, & Zinko, 1997; Strom, Jansson,
Nilsson, Johansson, & Xiong, 2011).

Species exhibit a range of traits to cope with flooding events
(Bornette & Puijalon, 2011), and interspecific differences create
an elevational zonation in riparian zones. At low elevations, plant
communities that are adapted to frequent flooding dominate while
species that are less tolerant prevail at higher elevations (van Eck,
van de Steeg, Blom, & de Kroon, 2004). We know from green-
house studies that flooding for a few days to a week is sufficient
to kill mal-adapted species (Garssen, Baattrup-Pedersen, Voesenek,
Verhoeven, & Soons, 2015; van Eck, Lenssen, van de Steeg, Blom, &
de Kroon, 2006). In the field, however, changes in vegetation com-
munity composition after changed flow regimes mostly occur slowly
(Hasselquist et al., 2015; Sarneel et al., 2019; Strom et al., 2011; van
Eck et al., 2004), indicating that other processes may interact.

In order to replace the mal-adapted species, the better-adapted
species will have to arrive, germinate and establish under the new
conditions, and these processes take time. Separate studies have
confirmed the link between flow regime and dispersal (Bourgeois,
Gonzalez, Vanasse, Aubin, & Poulin, 2016; Fraaije etal.,, 2015;
Soomers etal., 2011) and with habitat characteristics important
for germination and establishment, such as soil moisture (Kotowski,
Beauchard, Opdekamp, Meire, & van Diggelen, 2010; Luo etal.,
2016; Sarneel, Janssen, Rip, Bender, & Bakker, 2014) or sedimen-
tation (Levine & Stromberg, 2001). Since germination and early es-
tablishment are hard to separate under field conditions, they are
collectively referred to as recruitment in this study.

Next to the direct effects of changed flooding regimes, however,
there are indications that historic factors may influence a range of

processes, including recruitment (Fukami, 2015; Sarneel, Kardol, &
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Nilsson, 2016). As a consequence, specific events or other past en-
vironmental conditions can have long-lasting effects on vegetation
composition (Sarneel et al., 2019). For example, the few available
tree ring studies show that almost all trees established directly
after flow stabilization events (Beauchamp & Stromberg, 2007;
Braatne, Jamieson, Gill, & Rood, 2007; Greene & Knox, 2014), and
differences in timing of the flood pulse can drastically change pat-
terns in seedling abundance between years (Dixon, 2003).

These studies indicate that flooding history could affect seed-
ling recruitment in several ways. First, in situations where long-
term flooding regimes change (e.g., after regulation, restoration or
through climate change), past conditions may still govern many of
the processes after the regime change, via so-called legacy effects.
Next to that, a recent history of specific flooding events can have
large consequences, e.g., through direct effects on plant mortality or
the supply of seeds. Last, recent flooding history will determine if the
post-flood period is long enough for seedlings to grow sufficiently
large to survive the next flood. Flooding history can thus play a role
via legacy effects of long-term flooding regimes and more recent
flooding events, and by determining the so-called disturbance-free
‘window of opportunity for germination’ or ‘recruitment window’
(Balke, Herman, & Bouma, 2014; Mahoney & Rood, 1998; Rankin &
Pickett, 1989).

To study these roles of flooding history we set up a turf trans-
plantation experiment, where we followed the recruitment of sowed
seeds in turfs that were transplanted between flooding regimes
and inventoried natural seedling distributions in riparian zones with
contrasting histories of flooding events. We hypothesised that (a)
if legacy effects of long-term flooding regimes are important, re-
cruitment would be different in transplanted and non-transplanted
control turfs. Depending on how long such legacy effects may per-
sist, we would observe this difference not only in turfs transplanted
one year ago, but also in turfs transplanted more than one decade
ago. In our seedling survey of natural plots, we hypothesised (b)
that there will be a difference in number of seedlings in plots with
a different recent flooding history. Because longer disturbance-free
periods may increase seedling survival (Mahoney & Rood, 1998),
we hypothesized that (c) longer recruitment windows may correlate
positively with number of natural seedlings.

Deepened insight in the role of long-term and recent flooding
history may be especially important in boreal zones, where climate
change effects are predicted to be larger than in other parts of the
world, inducing drastic changes in timing and likely also in magnitude
of the flood pulse due to the change in precipitation from snow to

rain (Nilsson, Riis, Sarneel, & Svavarsdottir, 2018).

2 | MATERIALS AND METHODS

We tested the effects of flooding history (a) after experimentally in-
duced changes in flood regime in a 2-year soil transplantation experi-
ment and (b) for natural seedling densities along the riparian zones of
the Vindel River and its tributaries in a seedling survey.
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a) Transplantation experiment

(b) Seedling survey
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FIGURE 1 Experimental setup: Schematic overview of (a) transplantation experiment and (b) seedling survey. Lighter colours

indicate plots (a) transplanted from and (b) located at lower elevations. CH; control at high elevation, CL; control at low elevation, TH;
transplantation to high elevation, TL; transplantation to low elevation, for turfs transplanted in 2000 (old) and 2014 (recent). Arrows indicate
the direction of transplantation. Subplots for sowing are indicated with dashed squares in the old turfs, which are larger as the remaining
area is used for long-term vegetation surveys (Sarneel et al., 2019; Stréom et al., 2011). Transect length in b was 100 m. Due to the variable
width of the riparian zone, the vertical distribution of the plots was determined as the percentage of the riparian width

2.1 | Study area

The Vindel River (64°49' N, 18°51' E) has a mean annual discharge
of 188 m®/s at the point where it joins the Ume River (2000-2015,
Swedish Meteorological and Hydrological Institute, SMHI), and has a
boreal climate. Flow regimes in the Vindel River catchment are char-
acterised by spring floods in May or June, with the flood peak and
duration depending on the amount of snow, spring temperatures,
and how much the soil permeability is affected by frost. In smaller
tributaries, floods during autumn and winter can occur due to rain
events and ice jams, respectively. The soil transplantation experiment
was located in a floodplain along the main stem of the Vindel River,
100 km from the mouth and near the village of Strycksele. The ri-
parian vegetation there is characterised by graminoids at the lowest
elevation, willow shrubs at intermediate elevations, forbs and grasses
at the highest elevation and mixed birch and pine forest bordering
terrestrial ecosystems (Sarneel et al., 2019; Strom et al., 2011).

The inventoried tributaries in the seedling survey were all restored
from timber-floating structures in a basic or a more enhanced way. At
the time of this study, the two different restoration types had no mea-
surable effect on most ecological parameters, including plant cover,
soil moisture and germination (Herberg & Sarneel, 2017; Nilsson et al.,
2017), and we therefore did not consider restoration type in our analysis.

2.2 | Transplantation experiment of long-term
flooding history

In 2000 and 2014 we excavated soil turfs along the river bank in
Strycksele, using eight replicated random blocks spread over a ca.
250 m long reach, which was 15 m-35 m wide. Each block consisted
of eight turfs (Figure 1), with four turfs at low elevation (in the tall-
graminoid zone) and four turfs at high elevation (species-rich grass-
land). The turfs at low and high elevation differed on average 1.86 m
(+ 0.06 SE) in elevation. Within each block, two turfs (70 cm x 100 cm)
at high and two at low elevations were excavated in June 2000 (re-
ferred to as “old turfs”). The other four turfs (20 cm x 30 ¢cm) in each
block were excavated shortly after soil thawing and before the spring

flood in May 2014 (referred to as “recent turfs”). Turfs included whole

plants and were excavated to ca. 20 cm depth, deeper than the root-
ing zone. The turf size in 2000 was larger than in 2014 because Strém
et al. (2011) and Sarneel et al. (2019) used the old turfs for vegetation
monitoring. To be able to compare recent and old turfs we only used a
20 cm x 30 cm area in a corner of the old turfs (Figure 1).

In both 2000 and 2014, half of the excavated turfs on both high
and low elevations were rotated 180° and carefully put back in the
same location as a control (Figure 1a). The other turfs were placed in
cradles and transplanted to their new elevations. Controls at high (CH)
and low (CL) elevation experienced a normal flooding regime while the
transplanted turfs at high elevation (TH) have low-elevation flooding
history (yearly flooding) and the transplanted turfs at low elevation (TL)
have a high-elevation history of infrequent short floods (Figure 1a).
Each treatment block included a recent and an old turf of each trans-
plantation treatment, which allowed testing for legacy effects of long-
term flooding history, and to see if such legacy effects can persist.

Plots along free-flowing rivers like the Vindel River likely receive
a seed mixture of terrestrial, wetland and aquatic species (Bourgeois,
Boutin, Vanasse, & Poulin, 2017; Goodson, Gurnell, Angold, &
Morrissey, 2001; Merritt, Nilsson, & Jansson, 2010). In each turf,
we sowed seeds of Betula pubescens, Solidago virgaurea, Achillea
millefolium, Rumex acetosa and Carex acuta to represent the ripar-
ian community (Table 1). Thirty seeds per species were sown in one
10-cm-long line directly after the spring flood 2014, as this is a nat-
ural arrival time for seeds in the system. Sowing overcomes disper-
sal limitations and allows us to study the effects of flooding history
on recruitment. Seedling numbers were counted per species on 19
September 2014 and 22 July 2015. The relative change in seedling
abundance between 2014 and 2015 was calculated as ([seedlings
2015 - seedlings 2014] / [seedlings in 2014]) * 100. When seedling
numbers were 0 in 2014 and increased in 2015, which would re-
sult in dividing by zero, we defined the relative change in seedling
abundance as 100. In July 2015, the aboveground biomass of the
seedlings was harvested, and dried at 60°C for 72 hr before being
weighed. Average seedling biomass was calculated by dividing total
seedling dry weight by the total number of seedlings per turf.

To provide background habitat characteristics of the turfs

we measured soil pH in May 2014, by shaking 5 g soil with 50 ml
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TABLE 1 Species characteristics

Species

Betula pubescens Ehrh.?

Solidago virgaurea L.°
Achillea millefolium L.
Rumex acetosa L.

Carex acuta L.

< 22
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=

Original elevational

position Ellenberg F-value Viability (%)
High 3.75 12

High 3.75 69

High 5.25 96
Intermediate 55 93

Low 5.5 3

Typical elevation. Ellenberg moisture preference indicator value for the species’ fully developed
adult individuals (Synbiosis database; Hennekens, Smits, & Schraminée, 2010), with 1 being very dry
and 12 submerged. The average number of seeds sown per turf, and the experimentally determined
viability of the sown seeds as the germination percentage of 100 sown seeds (n = 5) in the green-

house under 20°C.

Seeds obtained from 2Svenska skogsplantor, Hallsberg, Sweden, Jelitto Staudensamen GmbH,
Schwarmstedt, Germany, “Cruydt-Hoeck, Nijeberkoop, the Netherlands.

demineralized water for 4 hr. In August 2014 we took another soil
sample and determined C and N contents (% of dry weight) with a
FLASH 2000 Organic Elemental Analyser (Interscience, Breda, The
Netherlands). Turf elevation was measured using a total station
(Trimble S8 DR-Plus; Trimble, Sunnyvale, CA, USA). Total vegetation
cover was estimated visually, rounding to the nearest 10%. Flood
duration for high and low turfs was calculated using discharge data
obtained from SMHI (vattenwebb.smhi.se).

2.3 | Seedling survey and recent flooding history

To study if recent flooding history and specific flooding events af-
fect seedling densities in the field, we inventoried natural seedling
communities in tributaries throughout the Vindel River catchment
in August 2013 and 2014. In 19 reaches with a length of 100 m, the
number of seedlings was counted in ten 50 cm x 100 cm large plots,
placed with 10-m intervals at different distances perpendicular from
the main channel. Plots were distributed following the same scheme
in each reach between the summer low and spring high-water levels
(Figure 1b). In each plot, we counted the number of seedlings (<3 cm
tall plants). Water-level fluctuations were measured with a 4-hr inter-
val using pressure divers (In-Situ Inc, Ft. Collins, CO, USA) and a barom-
eter pressure logger that also recorded temperature, between October
2011 and September 2014. Plot elevation was measured as the vertical
distance from the middle of the plot to water level at the time of meas-
uring to enable calculation of flooding parameters per plot.

2.4 | Calculations and statistics

In the turf transplantation experiment, effect of treatment (four levels;
CH, CL, TH, TL) and turf age (recent vs. old) on seedling numbers in 2014
and 2015 were analysed using a generalized linear mixed model (GLMM)
with a Poisson distribution and random effect of treatment block. We
analysed total seedling numbers since the selected species were common
species and seedling counts per species were too low to give meaning-
ful results. For the relative change in seedling abundance (supplementary
material S1) and seedling biomass, we used linear mixed models (LMM)

with a Gaussian distribution. Comparisons between the model with and
without the parameter of interest were used to determine the significance
of the fixed-factors treatment and experimental duration (Crawley, 2007).
Interactions with a p-value < 0.05 were evaluated with a Tukey post-hoc
test using the Ismeans package in R (Lenth, 2016).

For the natural seedling survey in the 19 reaches, we calcu-
lated when a plot was flooded, with a flooding event defined as a
water level above the middle of the plot for at least five or more
consecutive days, as such flooding duration starts to be detrimen-
tal for seedlings of flood-sensitive species. We classified the plots
in four flooding history classes, which resemble the treatments in
the transplantation experiment: (a) DF: ‘increased flooding’, absolute
flooding duration of the plot doubled compared to the previous year;
(b) FD: ‘increased drought’ absolute flood duration decreased with
50% compared to the previous year; (c) DD: ‘drought’ not flooded
but dry for two consecutive years; and (d) FF: ‘flooded’, flooded
yearly. Differences in seedling numbers and species richness of the
vegetation were tested in R 3.4.3 as before, with GLMM assuming a
Poisson distribution and LMM, respectively.

From the water level fluctuations, we also calculated the number
of days that had passed since the last flooding event (of five days or
longer), with a maximum of 750 in 2013 and 1,066 in 2014, which
was the number of days that we logged the water level. Time since
last flood was log + 1-transformed and correlated to the number of

seedlings per plot using Pearson correlations in R 3.4.3.

3 | RESULTS
3.1 | Environmental conditions in the
transplantation experiment

In August 2014, turfs at high elevation had drier, slightly more acidic
soils than those at low elevation (Table 2), but this difference in pH
was not significant. Total soil carbon and nitrogen concentrations
did not differ between elevations in August 2014 (Table 2). In 2014,
turf vegetation cover was close to 100% for all old turfs and the re-

cent turfs at high elevation (CH and TH). At low elevation, the cover
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Variable N High SE Low

Flooding duration 2015 32 0 25.7
(days)

Soil moisture (% weight, 8 24.5 1.15 36.3
Aug.)

Soil pH 8 5.48 0.07 5.71

Soil total N (%) 8 0.29 0.04 0.31

Soil total C (%) 8 411 0.50 477

Vegetation cover 2014, 8 80.0 28.3 9.10
recent

Vegetation cover 2014,0ld 8 92.5 32.7 88.8

Vegetation cover 2015, 8 90.6 32.0 8.20
recent

Vegetation cover 2015,0ld 8 58.8 20.8 26.9

Vegetation cover is that of the turfs transplanted between elevations.

TABLE 2 Differences in site
characteristics at high and low elevation
0.24 (£SE) tested with a paired t-test

SE p

1.54 <0.001

0.07 0.066
0.04 0.597
0.57 0.388
3.22

314
2.87

9.50

TABLE 3 Statistical results of the GLMM and LMM testing treatment and turf age on seedling numbers, relative change in seedling

abundance, and biomass

Treatment
Year df X2 p
Seedlings 2014 3 83.13 <0.001
Seedlings 2015 3 233.28 <0.001
Abundance change 3 21.79 <0.001
Biomass 2015 3 0.68 0.877

Turf age Treatment xTurf age

df p df  »* p

1 135.32 <0.001 3 8.92 0.030
1 256.34 <0.001 3 10.75 0.013
1 7.37 0.007 3 8.15 0.043
1 0.42 0.518 2 1.81 0.404

Treatment accounts for the different turf transplantation treatments (control at high elevation, control at low elevation and transplanted to high or low
elevation) representing differing flooding histories. Turf age accounts for the differences between recent and old turfs.

was intermediate in recent CL turfs and lowest in the recent TL turfs.
Differences between treatments were about the same in 2015, al-
though absolute covers in the old turfs were somewhat lower than in
2014 (Table 2).

3.2 | Recruitment in the transplantation experiment

All sown species germinated and we counted on average 16.1 (+ 2.15
SE) and 5.6 (+ 1.53 SE) seedlings per turf in 2014 and 2015, respec-
tively. Rumex, Achillea and Solidago were found in most of the turfs in
both years, while Betula and Carex germinated poorly. We observed
only very few seedlings of non-experimental species in 2014 and
none in 2015. In both 2014 and 2015, we found a significant interac-
tion between transplantation treatment and turf age (Table 3), but
the post-hoc test showed very different patterns in recruitment in
both years (Figure 2).

In 2014, we observed more seedlings at low elevation in both re-
cent and old turfs (Figure 2a). In addition, there was a trend towards
more seedlings in recent turfs, except that in the controls at high
elevation (CH), only few seedlings were found in both recent and old
turfs. Conversely, in 2015, more seedlings were found at high eleva-
tion than at low elevation, and strikingly different seedling numbers
were found in transplanted turfs that had different flooding histo-

ries compared to the control (Figure 2b). That is, we found enhanced

recruitment in the TH treatment (decreased flooding) compared to
the controls (CL and CH), while in the TL treatment (increased flood-
ing), less seedlings were found compared to both controls (CL and
CH). In old turfs, installed in 2000, absolute seedling numbers were
low and differences between treatments small. Patterns in old turfs
merely reflected the overall difference between high and low ele-
vations that we also observed in the recent turfs in both 2014 and
2015. In line with the big changes in seedling numbers at high and
low elevations, relative seedling abundance increased at high eleva-
tion compared to low elevation, especially in recent turfs (Figure 2c).
Even though the mean seedling number decreased over the study
period in recent turfs with CH treatment, the relative seedling
abundance increased, which was due to it being expressed as a
ratio. Average biomass per seedling was not significantly affected
by transplantation treatment nor by turf age (Figure 2d). Patterns
of the individual species reflected the general pattern rather well,

especially in 2015 (Appendix S1).

3.3 | Environmental conditions in the
seedling survey

Large differences in magnitude and flooding frequency were observed
between the sampled reaches and years, with a somewhat larger peak

flood in 2012 compared to the other years (Figure 3). More than half of
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FIGURE 2 Outcomes of the transplantation experiment.

Mean seedling numbers in 2014 (a), 2015 (b), relative change in
seedling abundance (c), and mean seedling mass (d) in the different
transplantation treatments (CH; control at high elevation, CL;
control at low elevation, TH; transplanted to high elevation, TL;
transplanted to low elevation) in the recent and old turfs. Error bars
are standard errors, letters indicate significant differences between
treatments. Raw data can be found in Appendix 2

the plots were flooded at least once in two consecutive years before
sampling in 2013 (56%) and 2014 (67%) (Appendix S2). Other environ-
mental conditions are described in Nilsson et al. (2017). Average grow-

ing season length (number of days with temperatures >5°C) across
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field sites was 140.7 + 2.45 days. Mean air temperature during the
study period was 1.67 (range: 0.81-2.82), and mean day temperatures
reached maxima of 18.2°Cin 2012, 19.0°Cin 2013 and 22.7°Cin 2014.

3.4 | Recruitmentin the seedling survey

In 2013 and 2014, we observed significantly different seedling
numbers in the different flooding categories (GLMM,; X2 =4971.4,
p <0.001 and ;{2= 74.70, p <0.001 for 2013 and 2014 respec-
tively). In 2013, we observed that flooding history of the previous
season (i.e., 2012) modulated the number of seedlings in plots that
had a similar flooding regime in 2013 (Figure 4). That is, significantly
more seedlings were found in the FD plots compared to the DD
plots (Tukey post-hoc z-ratio = -7.12, p < 0.001), while the flooding
duration in 2013 was comparable among those treatments (12 days
difference, Tukey post-hoc t-ratio = -1.42 p = 0.487, Figure 4b).
Significantly less seedlings were found in the DF treatments com-
pared to the FF treatment (z-ratio = -4.88, p < 0.001), despite the
flooding duration in the year of the survey (2013) not being signifi-
cantly different (seven days difference; Tukey post-hoc, t = -1.42,
p = 0.490, Figure 4b). In the seedling survey of 2014, when (early)
summer was extremely warm, the difference in seedling numbers
between flooding-history categories reflected the flooding condi-
tions of the survey year (2014), with more seedlings in the DF and
the FF plots compared to the DD and FD plots (Figure 4).

When looking at the relation between time since the last
flood and seedling densities in the plots in 2013 and 2014, vari-
ation is large, both at high and low elevations (Figure 5). What is
very clear is that plots that were flooded during the winter pre-
ceding the seedling survey generally had few seedlings. Higher
seedling numbers occurred predominantly in non-flooded plots
and plots that were flooded ca. 50-100 days before the seedling
survey (Figure 5). The correlation between seedling numbers and
(log-transformed) days since the last flood was neither significant
for 2013 (Pearson r=-0.13, df = 183, p =0.073) nor for 2014
(r=-0.13, df = 186, p = 0.069).

4 | DISCUSSION

In our turf transplantation experiment, legacy effects of transplanta-
tion were not observed until the second year, or more importantly,
after the first spring flood. At that time, we found large differences
between transplanted and control turfs. In the 2013 seedling survey,
differences between plots reflected the patterns observed in the
transplantation experiment. In 2014, however, differences between
flooding history categories merely reflected the wetness gradient of
the summer in which the survey was carried out. Seedling numbers
were low for plots flooded during the previous winter and did not
correlate with the duration of the post-flood period. This shows that
previous floods can affect recruitment in riparian zones via legacy
effects and/or timing of the flood event (Sarneel et al., 2016; van
Leeuwen, Sarneel, van Paassen, Rip, & Bakker, 2014), but also that
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FIGURE 3 Flooding dynamics (a) in the 19 sampled reaches (grey) in three consecutive years, standardized around the mean water level,
relative to the mean water level (black line). (b) Precipitation (black dashed lines) and snow accumulation (dark grey dashed lines) in Sorsele
(65.5354° N; 17.5225° E) and Vindeln (64.1386° N; 19.7618° E) that represent the northern- and southern-most field location, respectively.
Vindeln is 32 km southeast from the transplantation experiment in Strycksele. Data obtained from the SMHI open data database

flood history may interact with other climatic factors since patterns

were not consistent between years.

4.1 | Legacy effects of long-term and recent
flooding history

We observed opposite effects of long-term flooding histories
between turfs transplanted to low and high elevations. This dif-
ference may depend on the death of less-adapted species and col-
onisation by better-adapted species (Sarneel et al., 2019). When
mortality exceeds colonisation, bare ground may become availa-
ble. As a matter of fact, we observed a dieback of vegetation after
transplantation, while the dieback in the rotated control plots was
negligible. Vegetation dieback was largest in the turfs that were
moved to low elevation, where the vegetation was adapted to
previous low-flooding frequencies. At high elevation, dieback may
have decreased competition for light, which may have enhanced
recruitment (Kotowski et al., 2010; Lenssen, Menting, & Van der
Putten, 2003). At low elevation, in contrast, tolerance is thought to
be amore important structuring force than competition. Therefore,
vegetation dieback at low elevation may have reduced the shel-
tering effect that high stem densities provide against erosion and
other mechanic stress during flooding, causing seedling mortal-
ity (Balke et al., 2014). Strém et al. (2011), who started the turf
transplantation experiment, observed that the transplanted turfs

reached a standing biomass similar to their receiving elevation

within five years after transplantation. We therefore hypothesised
that if the observed legacy effects of transplantation are mediated
by vegetation density, they may persist during a similar or shorter
period. Therefore, after restoration, the arrival of seeds of desired
species within a relatively short timeframe may be critical, espe-
cially in the higher parts of the floodplain where recruitment is
temporarily enhanced after transplantation (Kotowski et al., 2010;
Sarneel et al., 2016). In addition, legacies could exist in the compo-
sition and viability of the seed bank, which may differ at different
locations along a riparian gradient (Bourgeois et al., 2017; Goodson
et al., 2001; Grandin & Rydin, 1998). It remains to be seen, how-
ever, if such legacy effects on recruitment are sufficiently strong
to drive vegetation composition (Sarneel et al., 2019), or if most
species do not manage to arrive in time or establish within this
window of opportunity (Balke et al., 2014; Hasselquist et al., 2015;
Sarneel et al., 2014).

Although the setup of our field seedling survey was not ideal to
test the occurrence of legacy effects directly, we found similar pat-
terns between flood-history categories in the experiment and in the
seedling survey in 2013. This suggests that past flooding events could
result in legacy effects affecting seedling numbers under natural
conditions in the field. In 2013, seedling numbers differed between
plots with a different flooding history and a comparable flood dura-
tion in the latest year. In 2014, however, patterns shifted to reflect
the conditions during the latest year. Since 2014 was characterised

by a rather dry early summer, water stress may have overruled other
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Puijalon, 2011). However, next to that, flooding events also provide
moisture and seeds, which may increase recruitment. In contrast,
absence of flooding may provide long recruitment periods that
allow seedlings to grow large enough to survive future flooding
events and thereby increase seedling numbers (Fraaije et al., 2015;
Mahoney & Rood, 1998; Sarneel et al., 2014). These opposite ef-
fects of flooding occur at different time spans, and can explain why
we found the drastic change in seedling densities in the transplan-
tation experiment. There, seedling densities were first correlated
with soil moisture and later with survival to flooding. Since the
spring flood in 2015 was rather average, these observations also in-
dicate that one growing season is unlikely to provide a disturbance-

free recruitment window that is long enough for plants to reach a

In the seedling survey, we did not find support for our hypothe-
sis that longer recruitment windows would result in higher seedling
densities. Rather than finding an increase in seedling number with
longer disturbance-free time periods in which recruitment can take

place, we found a strong negative effect of winter floods (at mod-
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drivers, indicating that the relative strength of different factors that
determine recruitment may differ between years, and that more re-
search is needed to entail the importance of legacy effects in natural

field conditions.

4.2 | Importance of past flooding events

Especially long-term and frequent floods can provide major con-
straints on plant growth (e.g., anoxia, low light availability and phys-
ical stress of the water flow and sediment deposition; Bornette &

120
100

2013

Seedlings (plot™)

erately long recruitment windows). Higher seedling numbers were
found in plots that were flooded during spring or not flooded during
the test period. Since one growing season may likely be too short
for seedlings to establish successfully, we assume that the majority
of the seedlings that were found in plots with a recruitment win-
dow of 30-100 days will not establish but die during the next flood
(Dixon, 2003; Fraaije et al., 2015). This factor may have obscured the
relationship between seedling recruitment and the duration of the
recruitment window.

The low number of seedlings in plots flooded during winter
can be the consequence of not having the high seed input and
soil moisture that short recruitment windows have, nor the high
probability of recruitment that may drive high seedling numbers in
plots with long recruitment windows. Rather than the best of two
worlds, seedlings may encounter the worst of two worlds. In addi-
tion, winter flooding may be extremely detrimental in boreal zones
as it often involves severe mechanical disturbance by ice, freez-
ing and hyper-cooling (Lind, Nilsson, Polvi, & Weber, 2014; Rood,
Goater, Mahoney, Pearce, & Smith, 2007; Smith & Pearce, 2000). In

@ High elevation
O Low elevation

2014

Time since last flood (days)

FIGURE 5 Numbers of seedlings in 50 cm x 100 cm field plots at high and low elevation (50 cm above or below mean water level, resp.)
in August 2013 and 2014 in relation to the number of days since the last flooding event. Dashed lines indicate the first day of the year, with
the plots that were never flooded during the study period given a fixed number of 1000



SARNEEL ET AL.

232 e
—I— Journal of Vegetation Science @

temperate zones, therefore, winter flooding may be less detrimen-
tal for plant growth and survival (Beumer et al., 2008; van Eck et al.,
2006), and more studies in other climatic regions will increase our

understanding further.

5 | CONCLUDING REMARKS

Both the long-term and the short-term flooding histories can affect
plant recruitment, with consequences for restoration activities in-
volving flood management. When restoration activities include
introduction of seeds and other propagules to favour desired spe-
cies, our results imply that these will be more successful in cases of
decreased, compared to increased flooding regimes (van Leeuwen
et al., 2014), and that there is likely only a short period in which the
invasibility or colonisation is relatively high, at least for the type
of species that we tested. Due to the low germination of Carex,
the species represented the vegetation from intermediate to high
elevations. However, given the strong negative impact of flooding
across species in our system, we speculate that the study results
thus point towards a low importance of species identity during
the establishment phase in our systems, thus opposing findings in
temperate streams (Fraaije et al., 2015; Sarneel et al., 2014).

At high elevation, where flooding frequencies were low, on av-
erage 4 and 1.87 new species appeared in transplanted and control
turfs, respectively (data from Strém et al., 2011). Curiously, these num-
bers match the doubling of the seedling numbers when comparing
transplanted and control turfs. Although seed input and diversity are
often found to correlate positively in dispersal studies, studies on lon-
ger temporal and larger spatial scales are needed to further advance
our understanding of the importance of recruitment for diversity
(Andersson, Nilsson, & Johansson, 2000; Lenssen, Menting, van der
Putten, & Blom, 1999). In our study system, however, it is likely that
the low recruitment at low elevation is in line with the dominance of
long-lived, clonal spreaders that likely makes them less dependent on
recruitment from seeds and allows them to persist in habitats with fre-

quent disturbance and a small window of opportunity for recruitment.
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