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Abstract
1. Whether more species are required to maintain ecosystem functioning as spatial

scale increases or across environmental gradients has frequently been studied
by examining whether different species drive ecosystem functioning in different
sites. However, this approach does rule out the counterfactual scenario where
a few species could potentially maintain ecosystem functioning across sites as
this requires examining which species can (or cannot) compensate for the loss of
others.

2. Here, I used an observational study and a field- based transplant experiment to
examine the effects of species loss on biomass productivity in an intertidal ma-
rine macroalgal system. I calculated the number of species required to maintain
biomass productivity across four depth zones reflecting a water emersion gra-
dient using two commonly used observational approaches. Then, I combined
hypothetical simulated extinction scenarios with field- based transplant data of
relative growth rates of all species across the four depth zones to explore how the
number of species required to maintain biomass productivity across depth zones
changed under counterfactual scenarios where species compensated for species
loss.

3. The observational analyses suggested that between three and four species were
required to maintain productivity across the depth zones. The simulated extinc-
tion scenarios did not. Rather, decreases in biomass productivity due to the loss
of some species (e.g. Fucus spiralis, Ascophyllum nodosum) were easily compen-
sated by other species (e.g. Fucus vesiculosus). However, for some species like F.
vesiculosus, the extinction simulations suggested that compensation would be
unlikely.

4. Commonly used observational approaches may overestimate the number of spe-
cies required to maintain ecosystem functioning across environmental gradients
and spatial scales.

www.wileyonlinelibrary.com/journal/fec
mailto:
https://orcid.org/0000-0002-7504-3393
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:james_hagan@outlook.com
http://crossmark.crossref.org/dialog/?doi=10.1111%2F1365-2435.14487&domain=pdf&date_stamp=2023-12-22


|  339HAGAN

1  |  INTRODUC TION

Both theory and empirical work have shown that biodiversity loss 
can negatively affect the functioning of ecosystems (Cardinale 
et al., 2012; Tilman et al., 2014). But, most of the ecological work link-
ing the loss of biodiversity to ecosystem functioning (e.g. productiv-
ity, grazing rates etc.) has taken place at small spatial scales (Gonzalez 
et al., 2020; Isbell et al., 2017). In these small- scale studies, the rates 
of single ecosystem functions can frequently depend on one or a 
few dominant and high functioning species (Cardinale et al., 2011; 
Leibold et al., 2017; Smith et al., 2020; Smith & Knapp, 2003) al-
though there is some evidence that more species are required when 
considering a variety of different ecosystem functions (Hector & 
Bagchi, 2007; Zavaleta et al., 2010). Large spatial scales are typically 
associated with high levels of environmental heterogeneity (Hart 
et al., 2017). If species respond to that environmental heterogeneity 
and dominate in different environmental conditions, more species 
may be required to maintain the rate of any given ecosystem func-
tion at large spatial scales (Gamfeldt et al., 2023; Isbell et al., 2018; 
Loreau et al., 2003).

Whether more species are required to maintain single ecosystem 
functions at large compared to small spatial scales or across environ-
mental gradients has been studied by examining if different species 
drive ecosystem functioning in different sites. This has been done 
using both experimental (Isbell et al., 2011) and observational data 
(Genung et al., 2023; Schiettekatte et al., 2022; Simpson et al., 2022; 
Winfree et al., 2018) in a variety of ecological systems. For exam-
ple, Isbell et al. (2011) showed that different grassland plant species 
drove productivity in different spatial locations; Winfree et al. (2018) 
showed that different bee species pollinated the same crops in dif-
ferent parts of a landscape; and Schiettekatte et al. (2022) showed 
that many ecosystem functions performed by coral reef fish (e.g. 
herbivory and N- excretion) are dominated in a given site by a few 
species but that the identity of those species tends to vary across 
sites. Some of these studies (Isbell et al., 2011; Winfree et al., 2018) 
suggest that, because different species are associated with func-
tioning in different parts of a landscape, more species may be re-
quired to maintain ecosystem functioning at large compared to small 
spatial scales.

An issue with this approach is that it does not rule out the coun-
terfactual scenario that one or a few species could potentially main-
tain ecosystem functioning across sites. For example, if a dominant 
species goes extinct at one site but gets compensated by a different, 
less abundant species in the community or a species that colonises 
from another site, ecosystem functioning across sites may not be 
strongly affected (Diaz & Ernest, 2022; Fetzer et al., 2015; Leibold 
et al., 2017; Schrofner- Brunner et al., 2023). Many of the observa-
tional studies cited previously provide defensible arguments for 

why compensation may be unlikely (e.g. lack of evidence for spatial 
density compensation, Winfree and Kremen (2008) or potentially 
high levels of environmental specialisation among different species, 
Simpson et al. (2022)). However, in my view, this assumption has not 
been properly scrutinised in the context of biodiversity–ecosystem 
functioning research.

A range of evidence suggests that some species could compen-
sate for the loss of others in some ecological systems. First, experi-
ments where species are removed from an intact community often 
find substantial compensation of individual density or biomass 
by other species (Kardol et al., 2018). Second, in natural systems, 
asynchrony in species' population fluctuations, which suggests 
compensation among species, is observed frequently even though 
population synchrony seems to be more common overall (Gonzalez 
& Loreau, 2009; Houlahan et al., 2007; Lamy et al., 2019; Vasseur 
et al., 2014). Third, species are often absent from certain sites 
because of competition and not due to an innate inability to sur-
vive, grow and reproduce (Germain et al., 2018; Kraft et al., 2015; 
Schrofner- Brunner et al., 2023; Wisheu, 1998). In line with this last 
point, many competition models predict that species do not per-
form (i.e. survive, grow and reproduce) best where they are found 
to be most abundant (Fox, 2012; Rosenzweig, 1981). Rather, ei-
ther many species perform best under similar environmental con-
ditions (Rosenzweig, 1981), or species performance is decoupled 
from abundance due to complex species interactions (Fox, 2012). 
These models have substantial empirical support. For example, the 
growth rates of North American trees are decoupled from both 
abundance (McGill, 2012) and probability of occurrence metrics de-
rived from species distribution models (Bohner & Diez, 2020; Midolo 
et al., 2021). Thus, even if the high levels of compensation following 
species loss are not the norm as some have suggested (Gonzalez & 
Loreau, 2009; Winfree & Kremen, 2008), there is enough evidence 
of species compensation to warrant a critical view of its conse-
quences for understanding whether more species are required to 
maintain ecosystem functioning at large compared to small spatial 
scales or across environmental gradients.

I used an observational study along with a field- based transplant 
experiment to study the effects of species loss on biomass produc-
tivity in a marine intertidal system. The system consists of commu-
nities of four fucoid marine macroalgae species in four depth zones 
which reflect a water emersion gradient on the Swedish West Coast. 
To do this, I first analysed the number of species required to main-
tain biomass productivity across the four depth zones using two ob-
servational approaches. I then examined the sensitivity of biomass 
productivity to species loss across depth zones by simulating coun-
terfactual scenarios of species loss with different levels of compen-
sation from other species. Species responses to the depth zone in 
the counterfactual scenarios were based on data from a field- based 
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transplant experiment. The observational analyses suggested that 
between three and all four species were required to maintain bio-
mass productivity across the depth zones. In contrast, the simulated 
counterfactual scenarios showed that decreases in biomass produc-
tivity due to the loss of some species can often be compensated 
by other species. However, this was not always the case and these 
counterfactual simulations suggested that biomass productivity due 
to the loss of certain species would probably not be compensated by 
other species in this system. Nevertheless, in this case study, using 
only observational data would probably lead to an overestimation 
of the number of species required to maintain biomass productivity 
across the depth zones.

2  |  MATERIAL S AND METHODS

2.1  |  Data collection

The data were collected on the Swedish West Coast (Tjärnö Marine 
Laboratory, Latitude: 58.875 DD; Longitude: 11.145 DD). I had per-
mission to do fieldwork in the Kosterhavet National Park by the 
Swedish county administrative board (permit: 521- 8021- 2021). 
Between June and September (2021), I measured the depth distribu-
tion of four fucoid macroalgae species using a set of five transects 
on a granite island (Latitude: 58.88506 DD, Longitude: 11.11854 
DD): Fucus spiralis, Fucus vesiculosus, Ascophyllum nodosum and Fucus 
serratus. For this, I laid out measuring tape parallel to the rocky 
shore and used a random number generator (https:// www. random. 
org/ ) to select five transect positions (nearest centimetre). At each 
transect position, I placed a transect perpendicular to the shore run-
ning into the water. Starting at 10 cm distance from the uppermost 
algae at the transect position, I recorded the identity, total length 
and circumference (sensu Åberg, 1990) of all individuals greater than 
10 cm in length of the four species within 15 cm left and right of the 
transect. I measured the depth from the water surface to the sub-
strate where the holdfast of each individual was attached using a 
measuring stick. Concurrently with the water depth measurements, 
I recorded the water level relative to the RH2000 standard based 
on the closest monitoring station (Kungsvik, Latitude: 58.996 DD; 
Longitude: 11.127 DD, Swedish Meteorological and Hydrological 
Institute, https:// www. smhi. se/ ). I accessed the data using the Viva 
mobile application (https:// www. sjofa rtsve rket. se/ en/ ). I then cal-
culated the depth of each individual algae relative to the RH2000 
standard as: [water level RH2000 + measured depth from water 
surface].

I converted each individual algae to standing stock dry biomass 
(SSDB) using previously developed allometric equations that relate 
dry biomass (g) to total length (cm) and circumference (cm) for each 
species (see Appendix S1: Tables S2 and S3; Figure S1 for further 
validation). Using the depths relative to the RH2000 standard, I di-
vided each transect into four depth zones from shallowest to deep-
est which were separated by 2 cm depth: zone 1: [−2, −10 cm], zone 2: 
[−12 to −20 cm], zone 3: [−22 to −30 cm] and zone 4: [−32 to −40 cm] 

(referred to as depth zones hereafter). The shore slopes on each tran-
sect were relatively consistent (personal observation) which means 
that the equal interval depth zones reflect a similar overall habitat 
area. Within each of these depth zones in each transect, I summed 
the standing dry biomass for each species. I then summed the stand-
ing dry biomass across transects for each species. This left me with 
data on the SSDB of F. spiralis, F. vesiculosus, A. nodosum and F. serra-
tus in the four depth zones (Figure 1a).

Converting the individual SSDB to dry biomass productivity 
(DBP) requires dry biomass growth rate data. I measured dry bio-
mass growth rates by transplanting adult individuals of all four spe-
cies to four different depths relative to the RH2000 standard: −5, 
−12, −28 and −40 cm. These depths are within the four depth zones
in which I measured SSDB. Full details of this transplant experiment
are described in Schrofner- Brunner et al. (2023) but, in brief, I placed
16 different 30 × 30 cm granite tiles (one tile at the four depths for 
each of the four species) on two sandy beaches on the same island 
where the transects were taken. One of the sandy beaches was 2 m 
away from the shoreline where the transects were taken (Latitude: 
58.88506 DD, Longitude: 11.11854 DD). The other sandy beach 
was approximately 200 m away and directly adjacent to a different 
rocky shore with a similar macroalgae community (personal obser-
vation, Latitude: 58.88715 DD, Longitude: 11.11664 DD). Each tile 
had nine adult individuals of one of the four species attached to it. 
Before deploying the tiles, I measured the maximum length (to 1 mm 
accuracy), the wet weight (Balance: VWR PBP5201I- 1S- FCECN 611- 
4828, to 0.1 g accuracy) and took a flattened photograph on a light-
board (ARTOGRAPH LightPad 950) using a digital camera mounted 
on a tripod (Panasonic, Waterproof 4k Compact Camera LUMIX DC- 
FT7). I used ImageJ 1.53r (Schneider et al., 2012) to measure the 
surface area.

After approximately 60 days, I collected all tiles. Experimental 
losses left me with 33, 32, 44 and 20 individuals of F. spiralis, F. vesic-
ulosus, A. nodosum and F. serratus (of an initial 72 individuals of each 
species). Experimental losses were mainly due to ropes severing 
the attachment point on the stem (Schrofner- Brunner et al., 2023). 
However, with this subset of the data, tiles had an average of four 
individuals and all tiles had at least one individual (see Schrofner- 
Brunner et al., 2023 for additional details). For all individuals, I 
measured the maximum length, wet weight and surface area on all 
individuals as previously. I dried the individuals at 60°C for 48 h and 
measured the post- experiment dry weight with a precision of 0.001 
(Sartorius, BP 211S). I chose to measure growth rate as the change in 
dry weight as it is the most direct and accurate measure of biomass 
(Bickel & Perrett, 2016) and because I measured standing stock of 
individuals as dry biomass (Figure 1a). To do this, for each algae (i), I 
used a linear model to obtain the expected initial dry weight values 
(

E
(

DWi,t0

))

. The linear model (Appendix S1: Model S1) was fit to the
post- experiment dry weight data with maximum length, wet weight
and surface area as predictor variables and had an r2 value 0.98 (see 
Appendix S1 for further validation). Using this model along with each 
individual algae's initial maximum length, wet weight and surface 
area, I obtained the expected initial dry weight values 

(

E
(

DWi,t0

))

 . I 

https://www.random.org/
https://www.random.org/
https://www.smhi.se/
https://www.sjofartsverket.se/en/
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used the expected initial dry weight values 
(

E
(

DWi,t0

))

 and the mea-
sured, post- experiment dry weight values 

(

DWi,tN

)

 to quantify rela-
tive growth rate (RGR, g g−1 day−1) as (Equation 1):

I then fit a random effect generalised linear model with normally 
distributed errors to the RGR data with species (S: F. spiralis, F. vesic-
ulosus, A. nodosum and F. serratus) and depth zone (DZ: 1–4) coded as 
categorical variables. I fit separate intercepts as correlated random 

effects for each species and depth zone combination which allowed 
the effect of the four depth zones on RGR to vary by species. The full 
random effect generalised linear model with weakly informative pri-
ors is presented below in the non- centred parameterisation (Model 1, 
see Appendix S3 for Stan code). I estimated the posterior distribution 
using Stan's No- U- Turn Sampler Hamiltonian Monte Carlo algorithm 
(https:// mc-  stan. org/ ) with four separate chains. I implemented 
this in R v4.1.2 (R Core Team, 2021) using the rstan package (Stan 
Development Team, 2021). I assessed model convergence by in-
specting trace plots, R- hat values and effective samples sizes (see 
Appendix S3: Table S4 and Figure S3 for full model diagnostics).

(1)RGRi =
DWi,tN

E
(

DWi,t0

) ×
1

days
.

F I G U R E  1  Background data of standing stock dry biomass (SSDB) and relative growth rates (RGRs) used to calculate dry biomass 
productivity (DBP). (a) SSDB (g) of Fucus spiralis, Fucus vesiculosus, Ascophyllum nodosum and Fucus serratus (different colours) in the four 
different depth zones (1 shallowest to 4 deepest) summed across five different transects. Vertical dashed lines separate the four depth 
zones for clarity. (b) Modelled expected RGRs (g g−1 day−1, mean and PI90%) for each species across the four depth zones based on a 
transplant experiment. Observed data are overlain as unfilled circles. (c) DBP (g day−1, mean and PI90%) in each depth zone calculated by 
multiplying the SSDB (a) by the expected RGRs (b) and summing across species (red diamonds, Equation 2). DBP of each species (mean and 
PI90%) is also shown as filled circles.

https://mc-stan.org/
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Model 1

RGRi ∼ Normal
(

ui , �
)

[likelihood]

�i = �S[i],DZ[i] [linear model]

�j,k = �j + vj,k

v = (diag(�)×cholesky(R)×V)
⊺

� ∼ Exponential(1) [priors]

� j ∼ Exponential(1)

for j ∈ 1 … 4 DZ

Vj,k ∼ Normal(0, 1)

for j ∈ 1 … 4 DZ

for k ∈ 1 … 4 S

�j ∼ Normal(0, 1)

for j ∈ 1 … 4 DZ

Rj,j ∼ LKJCorr(2)

for j ∈ 1 … 4 DZ

The model fit the data well (r2 = 0.45). Using 3000 samples from the
posterior distribution, I obtained 3000 estimates of the expected RGR 
(i.e. ui, Model 2) for each species in the four depth zones (Figure 1b). I 
then multiplied these 3000 expected RGR estimates for each of the 
four species (S) and each of the four depth zones (DZ) by the SSDB of 
each species (k) before summing across species within each depth zone 
(j) to obtain the total DBP (g day−1) for each depth zone (Equation 2):

Therefore, for each of the four depth zones, I obtained a distribu-
tion of DBP (g day−1) estimates for the 60 days of the transplant ex-
periment (Figure 1c). It is important to note that this method assumes 
that the growth rate of individual algae does not depend on total 
length. However, the algae individuals in the transplant experiment 
were initially between 12.5 and 50.5 cm in length. This does not fully 
cover the range of lengths observed in the transects (between 10 
and 105 cm, median = 25 cm). But the expected RGR (μi, Model 2) for 
a given species and depth zone combination represent the average 
RGR of algae of a variety of different initial lengths which I consider 
reasonable.

2.2  |  Observational analyses

I used the species and depth zone- specific estimates of DBP 
(Figure 1c) to examine the number of species required to main-
tain biomass productivity across the four depth zones. To do this, 
I first used the approach proposed by Winfree et al. (2018). The 
approach calculates the minimal set of species required to reach 
a certain level of functioning (F) at a particular site (Appendix S2: 
Figure S2a). The approach then considers another site and asks 
if species other than those required at the first site are required 
to reach F. If other species are required to reach F in the second 
site, then the number of species required at the first site (S1) is 

lower than that required across both sites (S2 > S1), (Appendix S2: 
Figure S2b). This is done for all sites and the order of sites is ran-
domised to prevent single trajectories from affecting the results. 
In the original paper, F was defined as 25%, 50% and 75% of the 
average level of functioning (in their case pollination) across all 
sites.

With my data, functioning was measured as DBP and the differ-
ent sites correspond to the four different depth zones. I defined F as 
per the original paper which, in my case, is 25%, 50% or 75% of the 
average DBP (summed across species) across the four depth zones. I 
repeated this for all possible orders of the four depth zones and for 
the whole distribution of DBP values for each species based on the 
uncertainty in the estimations of RGRs (see Figure 1c).

A similar approach to Winfree et al.'s (2018) method is to exam-
ine whether different species are responsible for most of the func-
tioning (in this case DBP) in different sites (e.g. Isbell et al., 2011; 
Schiettekatte et al., 2022). To do this, I calculated the proportion 
of species that were functionally dominant in at least one of the 
depth zones as per one of the analyses presented in Schiettekatte 
et al. (2022). Specifically, I calculated the contribution (C) of each 
species (k) to DBP in each depth zone ( j) as:

A species was defined as functionally dominant in a depth zone 
if its contribution to DBP was greater than expected. A species' ex-
pected contribution in a depth zone was defined as 1/R where R is 
the number of species present at a given site. If, however, one spe-
cies was completely responsible for all DBP at a site (i.e. C = 1), I also 
defined it as dominant (unlike Schiettekatte et al. (2022) because 
they did not have any sites with just one species). I then calculated 
the proportion of the four species that were dominant in at least 
one of the depth zones. I performed these calculations using the 
whole distribution of DBP values (Figure 1c). While I chose to use 
the methods proposed by Winfree et al. (2018) and Schiettekatte 
et al. (2022), there is very little difference with other, similar ap-
proaches (e.g. Isbell et al., 2011).

2.3  |  Counterfactual extinction–compensation 
simulations

The observational approaches that I used (see previous section) do 
not make specific predictions about the consequences of losing dif-
ferent species and, therefore, cannot answer counterfactual queries 
such as what would happen if F. spiralis went extinct across the four 
depth zones due to, for example, a species- specific disease? Would 
we lose all the DBP provided by F. spiralis or would other species 
be able to compensate for its loss? Answering such queries requires 
directly simulating losing different species and studying changes in 
DBP under different scenarios of potential compensation by other 

(2)
DBPj =

∑DZ

j=1

∑S

k=1
SSDBj,k ×RGRj,k

for j∈1…4 DZ

for k∈1…4 S

(3)

Ck,j =
DBPk,j

∑DZ

k=1
DBPk

for j∈1…4 DZ

for k∈1…4 S
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species. I use this intertidal macroalgae data to illustrate the poten-
tial of this latter approach.

To simulate counterfactual extinction and compensation scenar-
ios, I took the following approach. First, I assumed that one of the 
four species went completely extinct across the four depth zones. 
Therefore, the extinct species' SSDB goes to zero in each of the four 
depth zones. Second, I assumed that some percentage of this lost 
SSDB in each depth zone could be compensated by other species. To 
do this, I chose a level of compensation (e.g. 10%) and then chose a 
species that has both a positive growth rate in that depth zone and 
some SSDB in an adjacent zone (i.e. F. spiralis has zero standing stock 
biomass in the second deepest depth zone and, therefore, cannot 
compensate for F. serratus loss in the deepest zone). Therefore, I re-
placed some percentage of the lost SSDB of the extinct species with 
other species in each depth zone (see Figure 2a,b for an example 
assuming extinction of F. serratus and 10% compensation).

Using this extinction–compensation scenario of SSDB (e.g. 
Figure 2b) and a sample of RGRs of each species in each depth zone 
(Figure 2c), I calculated DBP as described previously (Equation 2). I then 
compared the DBP of intact communities where all species were pres-
ent across the depth zones to the DBP of communities with one spe-
cies extinct and some assumed level of compensation by other species 
(Figure 2d). I repeated this assuming the loss of each of the four species 
independently and assuming three different levels of compensation 
(10%, 50% and 90%). In addition, I performed these calculations using 
RGRs derived from all 3000 samples from the posterior distribution 
(Model 1) to incorporate the uncertainty in these measurements.

Unless previously specified, all analyses were conducted in R 
v4.1.2 (R Core Team, 2021). In addition to the R- packages cited pre-
viously, I used dplyr (Wickham, François, et al., 2022), tidyr (Wickham 
& Girlich, 2022), broom (Robinson et al., 2023) and readr (Wickham, 
Hester, & Bryan, 2022) for data handling, ggplot2 (Wickham, 2016) for 

F I G U R E  2  Example of a simulated extinction–compensation scenario using one of the 3000 samples of relative growth rates (RGRs). The 
standing stock dry biomass (SSDB) (g) of (a) the intact community containing all four species and (b) a hypothetical community where Fucus 
serratus is extinct but other species (in this case Fucus vesiculosus) compensate 10% of the SSDB of F. serratus in each depth zone. (c) Using 
one sample from the posterior distribution and obtaining RGRs (g g−1 day−1) for each species across the four depth zones, I calculated (d) the 
dry biomass productivity (DBP) (g day−1) of each depth zone for the intact community and the hypothetical community where F. serratus is 
extinct. Under this extinction compensation scenario, DBP declined in the two deepest zones but was unaffected in the two shallow zones.
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plotting, ggpubr (Kassambara, 2020) and cowplot (Wilke, 2020) for plot 
arrangement and renv (Ushey, 2023) for package version management.

3  |  RESULTS

3.1  |  Observational analyses

The first observational approach (i.e. Winfree et al., 2018) showed 
that more species were required to maintain DBP at 25%, 50% and 
75% of the average across the four depth zones as the number 
of depth zones increased (Figure 3a). Indeed, at a 50% threshold, 
2.1 ± 1.4 (mean ± SD) species were required in one depth zone and all 
four species (± 0.01 SD) were required in all four depth zones.

The second observational approach (i.e. Schiettekatte 
et al., 2022) showed similar results. The proportion of species that 
were dominant in their contribution to DBP in at least one depth 
zone was high (mean, [PI90%]: 0.64, [0.5–75]). And, for most samples 
of modelled growth rates, three of the four species were dominant 
in at least one depth zone (i.e. 75%, Figure 3b).

3.2  |  Counterfactual extinction–compensation 
simulations

The counterfactual extinction–compensation scenarios showed that 
the extinction of both F. spiralis and A. nodosum had limited effects 
on DBP across the four depth zones (Figure 4a,c). The simulated ex-
tinction of F. spiralis led to increases in DBP across all zones unless I 
assumed low compensation of 10% (Table 1). Moreover, only depth 
zones 2 and 3 were affected by the simulated extinction of A. nodo-
sum with average drops of between 4.3% and 16% depending on the 
assumed level of compensation (Appendix S4: Table S5). Thus, DBP 

was relatively insensitive to the counterfactual scenarios where F. 
spiralis and A. nodosum went extinct.

The results differed under the counterfactual scenarios where F. 
vesiculosus and F. serratus went extinct. The simulated extinction of F. 
vesiculosus caused DBP to decrease by 36% on average in depth zone 
3 even under 90% compensation (Figure 4b). In depth zone 2, aver-
age decreases of more than 30% were predicted unless compensation 
reached 90% (Appendix S4: Table S5). For the simulated extinction of 
F. serratus, DBP in depth zone 4 dropped considerably (−87% on aver-
age) when compensation was assumed to be 10%. But, at higher levels 
of compensation (i.e. 50% and 90% compensation), this effect disap-
peared (Figure 4d). At 90% assumed compensation following simulated
F. serratus extinction, DBP increased across zones (Table 1) because F.
vesiculosus has high RGRs in depth zone 4 (Figure 1b).

4  |  DISCUSSION

Are more species required to maintain ecosystem functioning at larger 
compared to smaller spatial scales or across environmental gradients 
as suggested by several observational studies (Genung et al., 2023; 
Isbell et al., 2011; Schiettekatte et al., 2022; Simpson et al., 2022; 
Winfree et al., 2018)? In this intertidal macroalgae system, analyses 
based solely on observational data suggested that between three and 
four species were required to maintain DBP across depth zones re-
flecting a water emersion gradient (Figure 3). But, using counterfac-
tual scenarios of simulated extinction and compensation, the answer 
was more complicated. DBP was potentially very sensitive to the loss 
of F. serratus and F. vesiculosus in some depth zones (Figure 4b,d) but 
was relatively insensitive to the loss of both A. nodosum and F. spira-
lis across all depth zones even under relatively low levels of assumed 
compensation (~50%, Figure 4a,c). These results suggest that during 
the study period (which only lasted 60 days), all four species were not 

F I G U R E  3  (a) The number of species required (maximum is all four macroalgae species) to achieve 25%, 50% and 75% (different shades) 
of the average dry biomass productivity (DBP) across depth zones increases with the number of depth zones. Reported are the mean ± SD 
for each number of depth zones (see Section 2 for details of the uncertainty calculations). (b) The proportion of the four macroalgae species 
that are dominant in their contribution to DBP in at least one of the four depth zones. Each sample represents one of the 3000 sets of 
modelled relative growth rates. The circle and error bar are the mean and 90% percentile interval.
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F I G U R E  4  Change in dry biomass productivity given the simulated extinction of (a) Fucus spiralis, (b) Fucus vesiculosus, (c) Ascophyllum 
nodosum and (d) Fucus serratus for three different counterfactual scenarios of standing stock dry biomass compensation: 10%, 50% and 
90%. Data are shown for each depth zone and for all depth zones combined (All—indicated by shaded grey bar). Diamonds and error bars are 
the mean and 90% percentile interval representing the uncertainty in the relative growth rates. In addition, a sample of 100 individual data 
points are plotted. Dashed black horizontal line is the zero change line. The y- axes are on different scales but the two red, dashed horizontal 
lines represent −2.5 g day−1 and 2.5 g day−1 to aid as a shared frame of reference among the four plots (a–d).

TA B L E  1  Percentage change in dry biomass productivity given the simulated extinction of Fucus spiralis, Fucus vesiculosus, Ascophyllum 
nodosum and Fucus serratus under three different counterfactual scenarios of standing stock dry biomass compensation by other species 
(10%, 50% and 90%) across the four depth zones.

Species extinct 10% compensation 50% compensation 90% compensation

Fucus spiralis −2.6 [−11 to (6.3)] 6 [−3.5 to (17.1)] 14.4 [2.6 to (28)]

Fucus vesiculosus −33.5 [−45.5 to (−23.8)] −23.3 [−35 to (−12.7)] −13 [−27.1 to (0.4)]

Ascophyllum nodosum −6.4 [−8.9 to (−4.5)] −4.2 [−6.9 to (−1.8)] −2 [−5.5 to (1.6)]

Fucus serratus −45.8 [−59.2 to (−28.3)] −19.5 [−42.9 to (12.4)] 6.9 [−32 to (59.2)]

Note: The mean and 90% percentile interval are reported representing the uncertainty in the RGRs.
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necessarily required to maintain DBP. Thus, it is possible that, in some 
cases, observational analyses may overestimate the number of species 
required to maintain ecosystem functioning as larger spatial scales 
with more environmental heterogeneity are examined.

The observational approaches described implicitly assume that 
species cannot compensate for the loss of other species. In the ex-
tinction–compensation simulations, I assumed that compensation 
was possible. But is this a valid assumption? In the case of these four 
fucoid macroalgae species, compensation is likely for two reasons. 
First, the field- based transplant experiment showed that most spe-
cies could maintain positive growth rates outside the zone that they 
naturally occur in (Figure 1b). Second, previous work has shown that 
F. vesiculosus can colonise parts of the upper shore if F. spiralis is re-
moved (Hawkins & Hartnoll, 1985) and deeper depth zones if other
species are removed (Lubchenco, 1980). Thus, it seems reasonable
to assume that there will be some compensation in a species loss
scenario in this system.

Even if we can assume some compensation, how much we should 
assume requires further work. This can be partially dealt with by as-
suming different levels of compensation as I did here (10%, 50% and 
90% compensation), but detailed knowledge in different systems 
would be required to refine these estimates. Moreover, even if com-
pensation occurs, it will not be instantaneous which I assumed in 
these models. It is more likely that compensation will occur during 
species loss and only reach maximum potential levels after some lag 
time. Indeed, it has been shown in grasslands that even after many 
decades following agricultural abandonment, plant biodiversity had 
still not recovered to the levels of biodiversity observed in fields 
never used for agriculture (Isbell et al., 2019; Ladouceur et al., 2023). 
The lag in compensation will probably depend on the generation 
times of the species and the degree to which the environment has 
been altered. Nonetheless, a lag in recolonisation could lead to long 
periods of decreased functioning which is an undesirable outcome 
even when compensation is possible (Buschke & Brownlie, 2020).

In other systems, including those that used the observational ap-
proaches I implemented, compensation may be less likely than ob-
served in this intertidal macroalgae system for at least two reasons. 
First, the depth zones in this study vary mostly across one environ-
mental dimension, namely, water emersion (although this also cor-
relates with changes in light and temperature; Schrofner- Brunner 
et al., 2023). This may explain the relatively high rates of compen-
sation I observed. If this study was done across a broader range of 
environmental conditions, I may have observed lower rates of com-
pensation. Second, in some systems, there may be much higher levels 
of environmental specialisation than in this macroalgae system. For 
example, Winfree and Kremen (2008) found no evidence for spatial 
density compensation among wild bee species in two North American 
crop data sets. This lack of spatial density compensation among spe-
cies suggests that assuming low or no compensation in this system 
(the same system analysed by Winfree et al., 2018) may be reason-
able. Similarly, in coral reef fish, Mouillot et al. (2014) found that many 
coral reef fish species in a given geographical area have unique traits 
that would make compensation following extinction unlikely. Thus, in 
coral reef fish (the system studied by Schiettekatte et al., 2022), it 

may also be reasonable to assume that compensation may not be very 
high. Nevertheless, what these extinction–compensation analyses 
show is that compensation can be important and assessing the poten-
tial for compensation in future studies is important for understanding 
the consequences of species loss on ecosystem functioning.

A strength of using these extinction–compensation scenarios 
compared to the observational approaches described is that it al-
lows one to assess the sensitivity of a landscape to the loss of dif-
ferent species directly. It is commonly asserted within trophic levels 
that the loss of either the dominant species (Díaz et al., 2007) or 
functionally unique species (O'Gorman et al., 2010) should have 
the greatest effects on ecosystem functioning and many studies 
have found evidence for this (Brun et al., 2022; Smith et al., 2020). 
However, in this system, this is not what I found. Even though F. ser-
ratus dominated the SSDB in the deepest zone, its loss was relatively 
easily compensated by other species (Figure 4d) due to their high 
growth rates in these depth zones. Similarly, A. nodosum is the most 
functionally unique of the four species (Cappelatti et al., 2019), but 
DBP was least sensitive to its loss compared to the loss of other spe-
cies because it had low SSDB at this site (Figure 4c, A. nodosum can 
sometimes attain very high standing stock biomass). The point is that 
these simple heuristics relating to the consequences of species loss 
for ecosystem functioning did not necessarily hold in this system.

I used these data to illustrate a potentially useful approach to 
studying the consequences of species loss for ecosystem functioning 
across environmental gradients or at large scales as an alternative or 
complement to observational analyses. However, these results may 
not be directly relevant in this system. None of the four fucoid algae 
species that I studied are at risk of extinction in the region and it is un-
likely that there would be considerable local extinctions in the future. 
However, in the 1990s, there were concerns that Sargassum muticum, 
which had invaded the Swedish west coast, could replace or nega-
tively affect some of these fucoid species (Karlsson & Loo, 1999). This 
modelling approach can be easily adapted to studying how invasive 
species might affect ecosystem functioning under this kind of scenario 
whereby the invader replaces some percentage of the biomass of the 
standing community (Teagle & Smale, 2018). Similarly, the approach 
is not limited to species loss per se. The approach could be used to 
investigate how assumed decreases in abundance or performance of 
species under, for example, climate change might affect ecosystem 
functioning under different compensation scenarios. Recent work 
suggests that fucoid species in this region may be vulnerable to cli-
mate change pressures like warming and acidification (Kinnby, Toth, 
& Pavia, 2021; Kinnby, White, et al., 2021) and this approach could 
be used to explore the potential consequences of these pressures on 
ecosystem- level productivity. Thus, this approach has the potential to 
address diverse questions around functional biodiversity.

These analyses used growth rates that were measured over a 
relatively short period (ca. 60 days) to estimate DBP. It is important 
to note that just because some species exhibit high growth rates 
across many depth zones in a short- term study does not necessar-
ily mean that they would be able to maintain those growth rates 
over the long term. Moreover, the observed distribution of stand-
ing stock biomass could be due to differential survival of species 
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due to infrequent events like ice- scouring (Cervin et al., 2004) 
or prolonged periods of desiccation. Biomass stocks themselves 
are important features of ecosystem, especially in these types 
of habitat- forming species. While we provide a first step, under-
standing compensation in this and other ecosystems requires 
understanding long- term responses across life stages of these 
species.

Another notable caveat of these results is that I focused on a 
single ecosystem function: DBP. Species differ in their traits and 
there is considerable evidence that species differ in their ability to 
drive different ecosystem functions (Dooley et al., 2015; Hector 
& Bagchi, 2007; Zavaleta et al., 2010). Although DBP can covary 
strongly with a variety of other functions like nutrient uptake (Hein 
et al., 1995), only considering one function may cause compensa-
tion to be overestimated. This could occur if, for example, one or a 
few species with unique traits are almost completely responsible for 
driving a certain function. A classic example of this may be nitrogen- 
fixing plants. Nitrogen fixation is only present in a few plant fami-
lies (e.g. Fabaceae, Tedersoo et al., 2018) and, as a result, the loss of 
nitrogen- fixing species may completely alter functions related to ni-
trogen cycles that are unlikely to be compensated by other species. 
Future work may consider the ability of species to compensate for 
multiple ecosystems and the simulation- based approach used here 
could be easily adapted to do so.

I suggest that these simulated counterfactual scenarios of ex-
tinction and compensation, which linked growth rate measurements 
with the patterns of standing stock biomass (or, e.g. other mea-
sures of abundance), can be a useful tool for assessing the conse-
quences of species loss. This type of analysis has precedents (Larsen 
et al., 2005; Solan et al., 2004; Thomsen et al., 2017, 2019), but it is 
not very frequently used and has not been applied across several 
communities as I did across the four depth zones. It is important to 
note that I am not suggesting that the observational approaches dis-
cussed in this article are useless or that they should not be used. 
Rather, I am suggesting that these methods may overestimate the 
number of species required to maintain ecosystem functioning. My 
goal was to illustrate the potential importance of compensation 
for understanding the consequences of species loss for ecosystem 
functioning across environmental gradients or at large compared to 
small spatial scales. The counterfactual approach presented here 
may be a useful alternative or complement to these observational 
approaches in the future.

AUTHOR CONTRIBUTIONS
James G. Hagan conceived the idea, collated the data, performed the 
analysis and wrote the paper.

ACKNO WLE DG E MENTS
I would like to thank Benedikt Schrofner- Brunner, Lars Gamfeldt, 
Merle Wißmann, Jesper Hassellöv, Laura Cappelatti, Elena 
Schrofner- Brunner and Rebecca Busman for help with some of the 
data collection. Special thanks to Lars Gamfeldt and John Griffin for 
reviewing earlier versions of the manuscript. This work was funded 

by a research grant 2020- 03521 from the Swedish Research Council 
VR to Lars Gamfeldt and a doctoral studentship from the University 
of Gothenburg.

CONFLIC T OF INTERE S T S TATEMENT
I have no conflicts of interest to declare.

DATA AVAIL ABILIT Y S TATEMENT
All data used in this study and all code required to reproduce the 
analysis can be found in the following repository on Zenodo: https:// 
doi. org/ 10. 5281/ zenodo. 10257262.

ORCID
James G. Hagan  https://orcid.org/0000-0002-7504-3393 

R E FE R E N C E S
Åberg, P. (1990). Measuring size and choosing category size for a tran-

sition matrix study of the seaweed Ascophyllum nodosum. Marine 
Ecology Progress Series, 63, 281–287.

Bickel, T. O., & Perrett, C. (2016). Precise determination of aquatic 
plant wet mass using a salad spinner. Canadian Journal of Fisheries 
and Aquatic Sciences, 73(1), 1–4. https:// doi. org/ 10. 1139/ cjfas 
-  2015-  0274

Bohner, T., & Diez, J. (2020). Extensive mismatches between species 
distributions and performance and their relationship to functional 
traits. Ecology Letters, 23(1), 33–44. https:// doi. org/ 10. 1111/ ele. 
13396 

Brun, P., Violle, C., Mouillot, D., Mouquet, N., Enquist, B. J., Munoz, F., 
Münkemüller, T., Ostling, A., Zimmermann, N. E., & Thuiller, W. 
(2022). Plant community impact on productivity: Trait diversity or 
key(stone) species effects? Ecology Letters, 25(4), 913–925. https:// 
doi. org/ 10. 1111/ ele. 13968 

Buschke, F., & Brownlie, S. (2020). Reduced ecological resilience jeopar-
dizes zero loss of biodiversity using the mitigation hierarchy. Nature 
Ecology & Evolution, 4(6), 815–819. https:// doi. org/ 10. 1038/ s4155 
9-  020-  1177-  7

Cappelatti, L., Mauffrey, A. R. L., & Griffin, J. N. (2019). Applying 
continuous functional traits to large brown macroalgae: 
Variation across tidal emersion and wave exposure gradients. 
Marine Biology, 166(11), 145. https:// doi. org/ 10. 1007/ s0022 
7-  019-  3574-  5

Cardinale, B. J., Duffy, J. E., Gonzalez, A., Hooper, D. U., Perrings, C., 
Venail, P., Narwani, A., Mace, G. M., Tilman, D., Wardle, D. A., 
Kinzig, A. P., Daily, G. C., Loreau, M., Grace, J. B., Larigauderie, A., 
Srivastava, D. S., & Naeem, S. (2012). Biodiversity loss and its im-
pact on humanity. Nature, 486(7401), 59–67. https:// doi. org/ 10. 
1038/ natur e11148

Cardinale, B. J., Matulich, K. L., Hooper, D. U., Byrnes, J. E., Duffy, E., 
Gamfeldt, L., Balvanera, P., O'Connor, M. I., & Gonzalez, A. (2011). The 
functional role of producer diversity in ecosystems. American Journal 
of Botany, 98(3), 572–592. https:// doi. org/ 10. 3732/ ajb. 1000364

Cervin, G., Lindegarth, M., Viejo, R. M., & Åberg, P. (2004). Effects of 
small- scale disturbances of canopy and grazing on intertidal assem-
blages on the Swedish west coast. Journal of Experimental Marine 
Biology and Ecology, 302(1), 35–49. https:// doi. org/ 10. 1016/j. 
jembe. 2003. 09. 022

Diaz, R. M., & Ernest, S. K. M. (2022). Maintenance of community function 
through compensation breaks down over time in a desert rodent com-
munity. Ecology, 103(7), e3709. https:// doi. org/ 10. 1002/ ecy. 3709

Díaz, S., Lavorel, S., de Bello, F., Quétier, F., Grigulis, K., & Robson, T. 
M. (2007). Incorporating plant functional diversity effects in 

https://doi.org/10.5281/zenodo.10257262
https://doi.org/10.5281/zenodo.10257262
https://orcid.org/0000-0002-7504-3393
https://orcid.org/0000-0002-7504-3393
https://doi.org/10.1139/cjfas-2015-0274
https://doi.org/10.1139/cjfas-2015-0274
https://doi.org/10.1111/ele.13396
https://doi.org/10.1111/ele.13396
https://doi.org/10.1111/ele.13968
https://doi.org/10.1111/ele.13968
https://doi.org/10.1038/s41559-020-1177-7
https://doi.org/10.1038/s41559-020-1177-7
https://doi.org/10.1007/s00227-019-3574-5
https://doi.org/10.1007/s00227-019-3574-5
https://doi.org/10.1038/nature11148
https://doi.org/10.1038/nature11148
https://doi.org/10.3732/ajb.1000364
https://doi.org/10.1016/j.jembe.2003.09.022
https://doi.org/10.1016/j.jembe.2003.09.022
https://doi.org/10.1002/ecy.3709


348  | HAGAN

ecosystem service assessments. Proceedings of the National 
Academy of Sciences of the United States of America, 104(52), 20684–
20689. https:// doi. org/ 10. 1073/ pnas. 07047 16104 

Dooley, Á., Isbell, F., Kirwan, L., Connolly, J., Finn, J. A., & Brophy, 
C. (2015). Testing the effects of diversity on ecosystem multi-
functionality using a multivariate model. Ecology Letters, 18, 
1242–1251.

Fetzer, I., Johst, K., Schäwe, R., Banitz, T., Harms, H., & Chatzinotas, A. 
(2015). The extent of functional redundancy changes as species' 
roles shift in different environments. Proceedings of the National 
Academy of Sciences of the United States of America, 112(48), 14888–
14893. https:// doi. org/ 10. 1073/ pnas. 15055 87112 

Fox, J. W. (2012). When should we expect microbial phenotypic traits to 
predict microbial abundances? Frontiers in Microbiology, 3. https:// 
doi. org/ 10. 3389/ fmicb. 2012. 00268 

Gamfeldt, L., Hagan, J. G., Farewell, A., Palm, M., Warringer, J., & Roger, 
F. (2023). Scaling- up the biodiversity–ecosystem functioning rela-
tionship: The effect of environmental heterogeneity on transgres-
sive overyielding. Oikos, 2023(3), e09652. https:// doi. org/ 10. 1111/ 
oik. 09652 

Genung, M. A., Reilly, J., Williams, N. M., Buderi, A., Gardner, J., & 
Winfree, R. (2023). Rare and declining bee species are key to con-
sistent pollination of wildflowers and crops across large spatial 
scales. Ecology, 104(2), e3899. https:// doi. org/ 10. 1002/ ecy. 3899

Germain, R. M., Mayfield, M. M., & Gilbert, B. (2018). The ‘filtering’ met-
aphor revisited: Competition and environment jointly structure in-
vasibility and coexistence. Biology Letters, 14(8), 20180460. https:// 
doi. org/ 10. 1098/ rsbl. 2018. 0460

Gonzalez, A., Germain, R. M., Srivastava, D. S., Filotas, E., Dee, L. E., 
Gravel, D., Thompson, P. L., Isbell, F., Wang, S., Kéfi, S., Montoya, 
J., Zelnik, Y. R., & Loreau, M. (2020). Scaling- up biodiversity- 
ecosystem functioning research. Ecology Letters, 23(4), 757–776. 
https:// doi. org/ 10. 1111/ ele. 13456 

Gonzalez, A., & Loreau, M. (2009). The causes and consequences of 
compensatory dynamics in ecological communities. Annual Review 
of Ecology, Evolution, and Systematics, 40(1), 393–414. https:// doi. 
org/ 10. 1146/ annur ev. ecols ys. 39. 110707. 173349

Hart, S. P., Usinowicz, J., & Levine, J. M. (2017). The spatial scales of 
species coexistence. Nature Ecology & Evolution, 1(8), 1066–1073. 
https:// doi. org/ 10. 1038/ s4155 9-  017-  0230-  7

Hawkins, S. J., & Hartnoll, R. G. (1985). Factors determining the upper 
limits of intertidal canopy- forming algae. Marine Ecology Progress 
Series, 20, 265–271. https:// doi. org/ 10. 3354/ meps0 20265 

Hector, A., & Bagchi, R. (2007). Biodiversity and ecosystem multifunc-
tionality. Nature, 448, 188–190. https:// doi. org/ 10. 1038/ natur 
e05947

Hein, M., Pedersen, F. M., & Sand- Jensen, K. (1995). Size- dependent ni-
trogen uptake in micro-  and macroalgae. Marine Ecology Progress 
Series, 118, 247–253. https:// doi. org/ 10. 3354/ meps1 18247 

Houlahan, J. E., Currie, D. J., Cottenie, K., Cumming, G. S., Ernest, S. 
K. M., Findlay, C. S., Fuhlendorf, S. D., Gaedke, U., Legendre, P., 
Magnuson, J. J., McArdle, B. H., Muldavin, E. H., Noble, D., Russell, 
R., Stevens, R. D., Willis, T. J., Woiwod, I. P., & Wondzell, S. M. 
(2007). Compensatory dynamics are rare in natural ecological 
communities. Proceedings of the National Academy of Sciences of the 
United States of America, 104(9), 3273–3277. https:// doi. org/ 10. 
1073/ pnas. 06037 98104 

Isbell, F., Calcagno, V., Hector, A., Connolly, J., Harpole, W. S., Reich, P. 
B., Scherer- Lorenzen, M., Schmid, B., Tilman, D., van Ruijven, J., 
Weigelt, A., Wilsey, B. J., Zavaleta, E. S., & Loreau, M. (2011). High 
plant diversity is needed to maintain ecosystem services. Nature, 
477(7363), 199–202. https:// doi. org/ 10. 1038/ natur e10282

Isbell, F., Cowles, J., Dee, L. E., Loreau, M., Reich, P. B., Gonzalez, A., 
Hector, A., & Schmid, B. (2018). Quantifying effects of biodiversity 
on ecosystem functioning across times and places. Ecology Letters, 
21(6), 763–778. https:// doi. org/ 10. 1111/ ele. 12928 

Isbell, F., Gonzalez, A., Loreau, M., Cowles, J., Díaz, S., Hector, A., Mace, 
G. M., Wardle, D. A., O'Connor, M. I., Duffy, J. E., Turnbull, L. A., 
Thompson, P. L., & Larigauderie, A. (2017). Linking the influence 
and dependence of people on biodiversity across scales. Nature, 
546(7656), 65–72. https:// doi. org/ 10. 1038/ natur e22899

Isbell, F., Tilman, D., Reich, P. B., & Clark, A. T. (2019). Deficits of bio-
diversity and productivity linger a century after agricultural aban-
donment. Nature Ecology & Evolution, 3(11), 1533–1538. https:// doi. 
org/ 10. 1038/ s4155 9-  019-  1012-  1

Kardol, P., Fanin, N., & Wardle, D. A. (2018). Long- term effects of spe-
cies loss on community properties across contrasting ecosys-
tems. Nature, 557(7707), 710–713. https:// doi. org/ 10. 1038/ s4158 
6-  018-  0138-  7

Karlsson, J., & Loo, L. O. (1999). On the distribution and continuous ex-
pansion of the Japanese seaweed—Sargassum muticum—in Sweden. 
Botanica Marina, 42, 285–294.

Kassambara, A. (2020). ggpubr: ‘ggplot2’ based publication ready plots. R 
package version 0.4.0. https:// CRAN. R-  proje ct. org/ packa ge= ggpubr

Kinnby, A., Toth, G. B., & Pavia, H. (2021). Climate change increases sus-
ceptibility to grazers in a foundation seaweed. Frontiers in Marine 
Science, 8. https:// doi. org/ 10. 3389/ fmars. 2021. 688406

Kinnby, A., White, J. C. B., Toth, G. B., & Pavia, H. (2021). Ocean acidifica-
tion decreases grazing pressure but alters morphological structure 
in a dominant coastal seaweed. PLoS ONE, 16(1), e0245017. https:// 
doi. org/ 10. 1371/ journ al. pone. 0245017

Kraft, N. J. B., Adler, P. B., Godoy, O., James, E. C., Fuller, S., & Levine, J. 
M. (2015). Community assembly, coexistence and the environmen-
tal filtering metaphor. Functional Ecology, 29(5), 592–599. https://
doi. org/ 10. 1111/ 1365-  2435. 12345 

Ladouceur, E., Isbell, F., Clark, A. T., Harpole, W. S., Reich, P. B., Tilman, G. 
D., & Chase, J. M. (2023). The recovery of plant community compo-
sition following passive restoration across spatial scales. Journal of 
Ecology, 111, 814–829. https:// doi. org/ 10. 1111/ 1365-  2745. 14063 

Lamy, T., Wang, S., Renard, D., Lafferty, K. D., Reed, D. C., & Miller, R. 
J. (2019). Species insurance trumps spatial insurance in stabilizing 
biomass of a marine macroalgal metacommunity. Ecology, 100(7), 
e02719. https:// doi. org/ 10. 1002/ ecy. 2719

Larsen, T. H., Williams, N. M., & Kremen, C. (2005). Extinction order and 
altered community structure rapidly disrupt ecosystem function-
ing: Altered community structure disrupts function. Ecology Letters, 
8(5), 538–547. https:// doi. org/ 10. 1111/j. 1461-  0248. 2005. 00749. x

Leibold, M. A., Chase, J. M., & Ernest, S. K. M. (2017). Community assem-
bly and the functioning of ecosystems: How metacommunity pro-
cesses alter ecosystems attributes. Ecology, 98(4), 909–919. https:// 
doi. org/ 10. 1002/ ecy. 1697

Loreau, M., Mouquet, N., & Gonzalez, A. (2003). Biodiversity as spatial 
insurance in heterogeneous landscapes. Proceedings of the National 
Academy of Sciences of the United States of America, 100(22), 12765–
12770. https:// doi. org/ 10. 1073/ pnas. 22354 65100 

Lubchenco, J. (1980). Algal zonation in the New England rocky intertidal 
community: An experimental analysis. Ecology, 61(2), 333–344. 
https:// doi. org/ 10. 2307/ 1935192

McGill, B. J. (2012). Trees are rarely most abundant where they grow 
best. Journal of Plant Ecology, 5(1), 46–51. https:// doi. org/ 10. 1093/ 
jpe/ rtr036

Midolo, G., Wellstein, C., & Faurby, S. (2021). Individual fitness is de-
coupled from coarse- scale probability of occurrence in North 
American trees. Ecography, 44(5), 789–801. https:// doi. org/ 10. 
1111/ ecog. 05446 

Mouillot, D., Villéger, S., Parravicini, V., Kulbicki, M., Arias- González, J. 
E., Bender, M., Chabanet, P., Floeter, S. R., Friedlander, A., Vigliola, 
L., & Bellwood, D. R. (2014). Functional over- redundancy and high 
functional vulnerability in global fish faunas on tropical reefs. 
Proceedings of the National Academy of Sciences of the United States 
of America, 111(38), 13757–13762. https:// doi. org/ 10. 1073/ pnas. 
13176 25111 

https://doi.org/10.1073/pnas.0704716104
https://doi.org/10.1073/pnas.1505587112
https://doi.org/10.3389/fmicb.2012.00268
https://doi.org/10.3389/fmicb.2012.00268
https://doi.org/10.1111/oik.09652
https://doi.org/10.1111/oik.09652
https://doi.org/10.1002/ecy.3899
https://doi.org/10.1098/rsbl.2018.0460
https://doi.org/10.1098/rsbl.2018.0460
https://doi.org/10.1111/ele.13456
https://doi.org/10.1146/annurev.ecolsys.39.110707.173349
https://doi.org/10.1146/annurev.ecolsys.39.110707.173349
https://doi.org/10.1038/s41559-017-0230-7
https://doi.org/10.3354/meps020265
https://doi.org/10.1038/nature05947
https://doi.org/10.1038/nature05947
https://doi.org/10.3354/meps118247
https://doi.org/10.1073/pnas.0603798104
https://doi.org/10.1073/pnas.0603798104
https://doi.org/10.1038/nature10282
https://doi.org/10.1111/ele.12928
https://doi.org/10.1038/nature22899
https://doi.org/10.1038/s41559-019-1012-1
https://doi.org/10.1038/s41559-019-1012-1
https://doi.org/10.1038/s41586-018-0138-7
https://doi.org/10.1038/s41586-018-0138-7
https://cran.r-project.org/package=ggpubr
https://doi.org/10.3389/fmars.2021.688406
https://doi.org/10.1371/journal.pone.0245017
https://doi.org/10.1371/journal.pone.0245017
https://doi.org/10.1111/1365-2435.12345
https://doi.org/10.1111/1365-2435.12345
https://doi.org/10.1111/1365-2745.14063
https://doi.org/10.1002/ecy.2719
https://doi.org/10.1111/j.1461-0248.2005.00749.x
https://doi.org/10.1002/ecy.1697
https://doi.org/10.1002/ecy.1697
https://doi.org/10.1073/pnas.2235465100
https://doi.org/10.2307/1935192
https://doi.org/10.1093/jpe/rtr036
https://doi.org/10.1093/jpe/rtr036
https://doi.org/10.1111/ecog.05446
https://doi.org/10.1111/ecog.05446
https://doi.org/10.1073/pnas.1317625111
https://doi.org/10.1073/pnas.1317625111


|  349HAGAN

O'Gorman, E. J., Yearsley, J. M., Crowe, T. P., Emmerson, M. C., Jacob, 
U., & Petchey, O. L. (2010). Loss of functionally unique species may 
gradually undermine ecosystems. Proceedings of the Royal Society 
B: Biological Sciences, 278(1713), 1886–1893. https:// doi. org/ 10. 
1098/ rspb. 2010. 2036

R Core Team. (2021). R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing. https:// www. R-  proje 
ct. org/ 

Robinson, D., Hayes, A., & Couch, S. (2023). broom: Convert statistical ob-
jects into tidy tibbles. R package version 1.0.3.

Rosenzweig, M. L. (1981). A theory of habitat selection. Ecology, 62(2), 
327–335. https:// doi. org/ 10. 2307/ 1936707

Schiettekatte, N. M. D., Brandl, S. J., Casey, J. M., Graham, N. A. J., 
Barneche, D. R., Burkepile, D. E., Allgeier, J. E., Arias- Gonzaléz, J. E., 
Edgar, G. J., Ferreira, C. E. L., Floeter, S. R., Friedlander, A. M., Green, 
A. L., Kulbicki, M., Letourneur, Y., Luiz, O. J., Mercière, A., Morat, F., 
Munsterman, K. S., … Parravicini, V. (2022). Biological trade- offs un-
derpin coral reef ecosystem functioning. Nature Ecology & Evolution, 
6(6), 701–708. https:// doi. org/ 10. 1038/ s4155 9-  022-  01710 -  5

Schneider, C. A., Rasband, W. S., & Eliceiri, K. W. (2012). NIH Image to 
ImageJ: 25 years of image analysis. Nature Methods, 9(7), 671–675.

Schrofner- Brunner, B., Hagan, J. G., Cappelatti, L., Hassellöv, J., 
Wißmann, M., & Gamfeldt, L. (2023). Macroalgae maintain growth 
outside their observed distributions: Implications for biodiversity- 
ecosystem functioning at landscape scales. Journal of Ecology, 
111(6), 1362–1373. https:// doi. org/ 10. 1111/ 1365-  2745. 14103 

Simpson, D. T., Weinman, L. R., Genung, M. A., Roswell, M., MacLeod, 
M., & Winfree, R. (2022). Many bee species, including rare species, 
are important for function of entire plant–pollinator networks. 
Proceedings of the Royal Society B: Biological Sciences, 289(1972), 
20212689. https:// doi. org/ 10. 1098/ rspb. 2021. 2689

Smith, M. D., & Knapp, A. K. (2003). Dominant species maintain ecosys-
tem function with non- random species loss. Ecology Letters, 6(6), 
509–517. https:// doi. org/ 10. 1046/j. 1461-  0248. 2003. 00454. x

Smith, M. D., Koerner, S. E., Knapp, A. K., Avolio, M. L., Chaves, F. A., 
Denton, E. M., Dietrich, J., Gibson, D. J., Gray, J., Hoffman, A. M., 
Hoover, D. L., Komatsu, K. J., Silletti, A., Wilcox, K. R., Yu, Q., & Blair, 
J. M. (2020). Mass ratio effects underlie ecosystem responses to 
environmental change. Journal of Ecology, 108(3), 855–864. https://
doi. org/ 10. 1111/ 1365-  2745. 13330 

Solan, M., Cardinale, B. J., Downing, A. L., Engelhardt, K. A. M., Ruesink, 
J. L., & Srivastava, D. S. (2004). Extinction and ecosystem function
in the marine benthos. Science, 306(5699), 1177–1180. https:// doi. 
org/ 10. 1126/ scien ce. 1103960

Stan Development Team. (2021). rStan: The R interface to Stan. R package 
version 2.21.3. https:// mc-  stan. org/ 

Teagle, H., & Smale, D. A. (2018). Climate- driven substitution of habitat- 
forming species leads to reduced biodiversity within a temperate 
marine community. Diversity and Distributions, 24(10), 1367–1380. 
https:// doi. org/ 10. 1111/ ddi. 12775 

Tedersoo, L., Laanisto, L., Rahimlou, S., Toussaint, A., Hallikma, T., & 
Pärtel, M. (2018). Global database of plants with root- symbiotic ni-
trogen fixation: NodDB. Journal of Vegetation Science, 29, 560–568. 
https:// doi. org/ 10. 1111/ jvs. 12627 

Thomsen, M. S., Garcia, C., Bolam, S. G., Parker, R., Godbold, J. A., & 
Solan, M. (2017). Consequences of biodiversity loss diverge from 
expectation due to post- extinction compensatory responses. 
Scientific Reports, 7(1), Article 1. https:// doi. org/ 10. 1038/ srep4 
3695

Thomsen, M. S., Godbold, J. A., Garcia, C., Bolam, S. G., Parker, R., & 
Solan, M. (2019). Compensatory responses can alter the form of 
the biodiversity–function relation curve. Proceedings of the Royal 
Society B: Biological Sciences, 286(1901), 20190287. https:// doi. org/ 
10. 1098/ rspb. 2019. 0287

Tilman, D., Isbell, F., & Cowles, J. M. (2014). Biodiversity and ecosystem 
functioning. Annual Review of Ecology, Evolution, and Systematics, 

45(1), 471–493. https:// doi. org/ 10. 1146/ annur ev-  ecols ys-  12021 
3-  091917

Ushey, K. (2023). renv: Project environments. R package version 0.17.2. 
https:// CRAN. R-  proje ct. org/ packa ge= renv

Vasseur, D. A., Fox, J. W., Gonzalez, A., Adrian, R., Beisner, B. E., Helmus, 
M. R., Johnson, C., Kratina, P., Kremer, C., de Mazancourt, C., Miller, 
E., Nelson, W. A., Paterson, M., Rusak, J. A., Shurin, J. B., & Steiner, 
C. F. (2014). Synchronous dynamics of zooplankton competitors
prevail in temperate lake ecosystems. Proceedings of the Royal
Society B: Biological Sciences, 281(1788), 20140633. https:// doi. org/ 
10. 1098/ rspb. 2014. 0633

Wickham, H. (2016). ggplot2: Elegant graphics for data analysis. 
Springer- Verlag.

Wickham, H., François, R., Henry, L., & Müller, K. (2022). dplyr: A gram-
mar of data manipulation. R package version 1.0.8. https:// CRAN. 
R-  proje ct. org/ packa ge= dplyr 

Wickham, H., & Girlich, M. (2022). tidyr: Tidy messy data. R package ver-
sion 1.2.0. https:// CRAN. R-  proje ct. org/ packa ge= tidyr 

Wickham, H., Hester, J., & Bryan, J. (2022). readr: Read rectangular text 
data. R package version 2.1.2. https:// CRAN. R-  proje ct. org/ packa 
ge= readr 

Wilke, C. O. (2020). cowplot: Streamlined plot theme and plot annotations 
for ‘ggplot2’. R package version 1.1.1. https:// CRAN. R-  proje ct. org/ 
packa ge= cowplot

Winfree, R., & Kremen, C. (2008). Are ecosystem services stabilized 
by differences among species? A test using crop pollination. 
Proceedings of the Royal Society B: Biological Sciences, 276(1655), 
229–237. https:// doi. org/ 10. 1098/ rspb. 2008. 0709

Winfree, R., Reilly, J. R., Bartomeus, I., Cariveau, D. P., Williams, N. M., & 
Gibbs, J. (2018). Species turnover promotes the importance of bee 
diversity for crop pollination at regional scales. Science, 359(6377), 
791–793. https:// doi. org/ 10. 1126/ scien ce. aao2117

Wisheu, I. C. (1998). How organisms partition habitats: Different types 
of community organization can produce identical patterns. Oikos, 
83(2), 246–258. https:// doi. org/ 10. 2307/ 3546836

Zavaleta, E. S., Pasari, J. R., Hulvey, K. B., & Tilman, G. D. (2010). 
Sustaining multiple ecosystem functions in grassland communities 
requires higher biodiversity. Proceedings of the National Academy of 
Sciences of the United States of America, 107, 1443–1446. https:// 
doi. org/ 10. 1073/ pnas. 09068 29107 

SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.
Appendix S1. Quantifying standing stock dry biomass and relative 
growth rates.
Appendix S2. Additional details regarding the first observational 
data analysis approach.
Appendix S3. Full Stan code and diagnostics for Model 1.
Appendix S4. Extended results.

How to cite this article: Hagan, J. G. (2024). Compensation 
alters estimates of the number of species required to 
maintain ecosystem functioning across an emersion gradient: 
A case study with intertidal macroalgae. Functional Ecology, 
38, 338–349. https://doi.org/10.1111/1365-2435.14487

https://doi.org/10.1098/rspb.2010.2036
https://doi.org/10.1098/rspb.2010.2036
https://www.r-project.org/
https://www.r-project.org/
https://doi.org/10.2307/1936707
https://doi.org/10.1038/s41559-022-01710-5
https://doi.org/10.1111/1365-2745.14103
https://doi.org/10.1098/rspb.2021.2689
https://doi.org/10.1046/j.1461-0248.2003.00454.x
https://doi.org/10.1111/1365-2745.13330
https://doi.org/10.1111/1365-2745.13330
https://doi.org/10.1126/science.1103960
https://doi.org/10.1126/science.1103960
https://mc-stan.org/
https://doi.org/10.1111/ddi.12775
https://doi.org/10.1111/jvs.12627
https://doi.org/10.1038/srep43695
https://doi.org/10.1038/srep43695
https://doi.org/10.1098/rspb.2019.0287
https://doi.org/10.1098/rspb.2019.0287
https://doi.org/10.1146/annurev-ecolsys-120213-091917
https://doi.org/10.1146/annurev-ecolsys-120213-091917
https://cran.r-project.org/package=renv
https://doi.org/10.1098/rspb.2014.0633
https://doi.org/10.1098/rspb.2014.0633
https://cran.r-project.org/package=dplyr
https://cran.r-project.org/package=dplyr
https://cran.r-project.org/package=tidyr
https://cran.r-project.org/package=readr
https://cran.r-project.org/package=readr
https://cran.r-project.org/package=cowplot
https://cran.r-project.org/package=cowplot
https://doi.org/10.1098/rspb.2008.0709
https://doi.org/10.1126/science.aao2117
https://doi.org/10.2307/3546836
https://doi.org/10.1073/pnas.0906829107
https://doi.org/10.1073/pnas.0906829107
https://doi.org/10.1111/1365-2435.14487

	Compensation alters estimates of the number of species required to maintain ecosystem functioning across an emersion gradient: A case study with intertidal macroalgae
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Data collection
	2.2|Observational analyses
	2.3|Counterfactual extinction–compensation simulations

	3|RESULTS
	3.1|Observational analyses
	3.2|Counterfactual extinction–compensation simulations

	4|DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


