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Abstract

Positive feedbacks in drivers of degradation can cause threshold responses in natural eco-

systems. Though threshold responses have received much attention in studies of aquatic

ecosystems, they have been neglected in terrestrial systems, such as forests, where the

long time-scales required for monitoring have impeded research. In this study we explored

the role of positive feedbacks in a temperate forest that has been monitored for 50 years

and is undergoing dieback, largely as a result of death of the canopy dominant species

(Fagus sylvatica, beech). Statistical analyses showed strong non-linear losses in basal area

for some plots, while others showed relatively gradual change. Beech seedling density was

positively related to canopy openness, but a similar relationship was not observed for sap-

lings, suggesting a feedback whereby mortality in areas with high canopy openness was ele-

vated. We combined this observation with empirical data on size- and growth-mediated

mortality of trees to produce an individual-based model of forest dynamics. We used this

model to simulate changes in the structure of the forest over 100 years under scenarios with

different juvenile and mature mortality probabilities, as well as a positive feedback between

seedling and mature tree mortality. This model produced declines in forest basal area when

critical juvenile and mature mortality probabilities were exceeded. Feedbacks in juvenile

mortality caused a greater reduction in basal area relative to scenarios with no feedback.

Non-linear, concave declines of basal area occurred only when mature tree mortality was

3–5 times higher than rates observed in the field. Our results indicate that the longevity of

trees may help to buffer forests against environmental change and that the maintenance of

old, large trees may aid the resilience of forest stands. In addition, our work suggests that

dieback of forests may be avoidable providing pressures on mature and juvenile trees do

not pass critical thresholds.

Introduction

An ecological threshold is the point at which a relatively small change results in a rapid, non-

linear response, in ecosystem properties [1]. Such thresholds have recently attracted attention

owing to the concern that the environmental impacts of human activities may lead to rapid
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ecological change resulting from relatively minor changes in human pressures [2–4]. For

example, a small increase in precipitation or temperature could lead to major changes in

regional or global climate, resulting in ecosystems transitioning from one state to another [5].

While the conceptual framework underlying ecological thresholds has been shown to be appli-

cable across a range of ecosystems, the mechanisms responsible for rapid shifts in ecosystems

are often unclear [6].

Ecological thresholds are thought to occur when a controlling variable shifts from a nega-

tive feedback to a positive feedback [7]. In forest ecosystems, disturbances such as tree cutting,

fire, or drought can interact either with each other or with other pressures, resulting in positive

feedbacks that can drive the system towards a different state [1]. However, these feedbacks can

be difficult to detect because drivers may operate over very different spatial and temporal scales

[8]. In forest ecosystems, feedbacks of particular concern are those between local disturbances

(e.g. fire, pests, drought, browsing/grazing or deforestation) and climatic changes [8]. For

example, it is thought that logging and deforestation in tropical forests combined with

increased drought and frequency of fires may result in a shift to savannah-like vegetation

structure [9,10]. Similarly, large-scale disturbances in Mediterranean forests can lead to

reduced seedling recruitment and invasion by grasses and shrubs, which result in increased

fire frequency and further suppression of tree cover [11].

Empirical evidence for ecological thresholds is accumulating, but there are relatively few

field studies of this phenomenon, particularly in terrestrial ecosystems [12–15]. In forests,

thresholds have been identified in relation to grazing pressure, landscape fragmentation, patch

size, and connectivity [16,17]. Increasingly, however, researchers are voicing concerns regard-

ing the incidence of large-scale disturbance events affecting forests, including increasing tem-

peratures, drought, insects and pathogen outbreaks, and uncharacteristically severe wildfire

[18–20]. Such factors may interact with other anthropogenic stressors, such as atmospheric

pollution and invasive species, to cause extensive forest dieback [21,22] which can result in

shifts to relatively treeless, non-forest states [8]. Over the past decade research has suggested

that such shifts may occur in both tropical [10,23] and boreal regions [24] as a result of changes

in climate and disturbance regimes. Forests may be particularly vulnerable to rapid environ-

mental changes because trees are relatively long-lived, immobile organisms that consequently

find it difficult to adapt to new environmental conditions [25,26]. Any shift to non-forest states

would cause loss of forest biodiversity as well dramatic changes in the provision of ecosystem

services [27], which could have major economic implications [28]. Despite these concerns, rel-

atively little is known about the mechanisms by which forest ecosystems might transition to

relatively treeless states, and whether such transitions are characterised by ecological thresh-

olds [8].

Here we examine the mechanisms underlying ecological thresholds in a temperate forest

ecosystem that has undergone partial dieback in recent decades. At this site, data have been

collected repeatedly over a period of 50 years from 1964–2014 [29–32]. Analysis of this long-

term data set has indicated that basal area (BA) in the forest has declined by 33% over this

period, and juvenile tree densities have been reduced by approximately 70% [31]. Evidence

suggests that an increasing incidence of drought has interacted with attack by pathogenic Phy-

tophthora fungi to cause tree mortality, particularly of large individuals [31]. Previous work

suggests a number of different ecological thresholds were associated with this dieback, such as

non-linear changes in tree species composition, grass cover, and ground flora species richness

in relation to changes in BA (31, 32). In the current investigation, we build upon this previous

research by examining whether BA decline is itself characterised by an ecological threshold.

We then examine the mechanisms underlying stand dieback. Specifically, we hypothesize that

a positive feedback between mortality of mature trees (caused by drought and pathogen attack)

Mechanisms of stand collapse
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and of juveniles (caused by herbivory) may account for a threshold response of BA over time,

leading to a transition to a forest with a more open canopy, and fewer trees. Using statistical

models we investigate the factors influencing tree mortality and recruitment, both of which

include potential feedback mechanisms. We then use these statistical models to inform an

individual based model to test the effects of hypothesized feedbacks on forest structure.

Materials andmethods

This study was conducted in DennyWood in the New Forest National Park, Southern England

(Lat: 50.89˚ N Long: -1.54˚). Woodland vegetation at the site was dominated by old-growth

beech (Fagus sylvatica) with frequent pedunculate oak (Quercus robur) and birch (Betula pen-

dula, B. pubescens), and an understory of holly (Ilex aquifolium). In open areas the ground

vegetation was mostly comprised of Agrostis-dominated grassland or bracken (Pteridium aqui-

linum). Large populations of deer, ponies and cattle in the New Forest cause high herbivore

pressure [33], which Denny Wood has experienced since at least the 1960’s [30]. Since the

early 1980’s the site has undergone significant dieback of beech trees [31]. The site has not

been subject to direct human disturbance for at least 100 years [30]. In addition to the data col-

lected at DennyWood we collected data on seedling and sapling densities from plots estab-

lished along gradients of forest dieback carried out at 12 sites across the New Forest [32],

hereafter referred to as gradient sites.

Measurements at DennyWood were conducted in a 20 m-wide, 1 km long transect. The

transect was subdivided into 45 contiguous 20 x 20 m (0.04 ha) subplots and surveyed in 1964,

1984, 1988, 1996 and 2014 (as described in 31–33). In each survey, the location and species of

all woody stems>1.3 m in height was recorded, their diameter at breast height (DBH, at 1.3

m) measured, and their status assessed as either alive or dead. Each stem>1.3 m height was

given a unique ID number to allow individual trees to be tracked between surveys. Stems<10

cm DBH were classified as saplings and those>10 cm DBH as mature trees. For the gradient

sites, five 20 x 20 m survey plots were established in each site along a gradient of woodland die-

back, using BA as a measure of forest structure. In each case, beech was the dominant canopy

tree species. Plots were situated to provide values of 100%, 75%, 50%, 25% and 0% BA, with

100% representing a relatively intact forest stand and 0% indicating complete death of all can-

opy trees.

In 2014 we collected data on seedling density, canopy openness, and soil characteristics in

DennyWood and the 12 gradient sites. The density of tree seedlings of all species present in 10

x 10 m plots located in the centre of the 20 x 20 m plots was recorded. Canopy openness of sub-

plots was assessed using a concave spherical densiometer in all four corners and the centre of

20 x 20 m plots, and the mean calculated for each subplot. Soil type was assessed by collecting

three soil samples in each 20 x 20 m subplot using a 5 cm diameter soil corer. The first 20 cm

of the mineral layer was retained. Soil samples were analysed to quantify particle size distribu-

tion, allowing the percentage content of clay, silt and sand to be determined.

Subplot dynamics

To assess the dynamics of subplots in DennyWood we analysed the temporal change of BA in

plots between 1964 and 2014. To estimate the changes in BA of plots with differing dynamics

we divided subplots into those that declined in BA by>25% between 1964 and 2014 and those

that did not. We considered plots that had declined by>25% to represent those where sub-

stantial dieback or ‘collapse’ had occurred, while others were relatively stable. We then ana-

lysed the changes in BA separately using subplot number as a random effect to account for

Mechanisms of stand collapse
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repeated sampling. Plots were split into these two categories to communicate the different

dynamics seen across the site.

Sapling and mature tree mortality

Previous work at DennyWood has shown that since the 1960’s sapling density has declined

[31]. To determine the extent to which this was attributable to growth of individuals into

mature trees or to sapling mortality, we tracked the fate of each sapling recorded. For each cen-

sus period we calculated the annual mortality ratemmodified from [34] as:

m ¼ 1�
N

1
� G

1

N
0

� �1=t

where N0 is the number of saplings in the first survey, N1 is the number of stems at the second

survey, and G1 is the number of stems that have increased to>10 cm DBH between the first

and second survey. To calculate the annual percentage of saplings that grew to>10 cm DBH

we used the same equation but replaced G1 with the number of saplings that died during the

census period. To assess possible mechanisms limiting beech recruitment we analysed the rela-

tionship between the density of seedlings and saplings, and canopy openness at both Denny

Wood and the gradient sites using generalised linear mixed models.

To investigate potential causes of sapling and mature tree mortality, we first assessed if mor-

tality of saplings and mature trees could be explained by self-thinning, a process of intra-spe-

cific competition in which stem density decreases as total biomass increases [35]. Previous

studies in DennyWood had suggested that self-thinning was a significant cause of mature tree

mortality [30]. To investigate this relationship we used a linear mixed model to relate stem

density to BA at the scale of subplots, with subplot number as a random effect. We used BA as

a proxy for biomass to test for self-thinning, following [35] and [36].

Following this we investigated the effects of different variables on beech tree mortality.

These analyses included trees both classified as saplings and as mature trees. Here, a tree was

considered to have died when it had either been recorded as dead or if it was recorded during

one census but not at the subsequent census. We selected three non-overlapping census peri-

ods for analysis: 1984–1988, 1988–1996 and 1996–2014 (mean census period 10 ± 5.9 years).

Statistical models of individual tree mortality were developed using logistic mixed effects mod-

els, which describe the probability of a tree dying in a given period of time. To correct for the

variation in census interval we used a complementary log-log link with an offset equal to the

census interval, so that predictions from models were equivalent to the annual probability of

mortality [37]. Subplot ID number was used as a random effect to account for repeated sam-

pling of the same plots [37]. Goodness of fit was tested using le Cessie-van Houwelingen-

Copas-Hosmer tests, with P� 0.05 indicating that models are a poor fit [38].

We developed tree mortality models in a four-step process similar to that of Chao et al.

[39]. In step one we prepared predictors classified into five groups (i) tree size, (ii) tree growth,

(iii) proximity to dead trees, (iv) soil type, and (v) plot stem density. Variables relating to tree

size, growth, and plot stem density represent measurements calculated prior to death (for fur-

ther details see the supplementary materials). All model variables were standardised using the

methods of Schielzeth [40] by subtracting the mean of the variable and dividing by its standard

deviation. This allows coefficients to be interpreted as effect sizes, reduces collinearity between

variables and improves model convergence [40]. In step two we selected the best predictor for

each group by choosing the models that had the lowest AICc [39,41]. This step reduces inter-

correlation of variables, which can lead to difficulty in interpreting effects [39]. In step three a

full multivariate model was developed using these selected variables using additive terms only.

Mechanisms of stand collapse
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In step four model averaging was used to produce parameter estimates for models with a

ΔAICc�7. All analyses were conducted using R 3.4.0 [42] with generalised linear mixed mod-

els performed using the lme4 package [43] and multimodel averaging using the MuMIn pack-

age [44].

Individual based model

To test our hypothesis of a positive feedback of the death of large, old trees resulting in rela-

tively open forest areas that were preferentially grazed by livestock that impaired seedling

recruitment we developed an individual based model, built using Netlogo [45]. For a detailed

description of the model see the supplementary materials. The model simulates recruitment,

death and growth in a four hectare forest stand where all individuals represent the canopy

dominant species in DennyWood, beech (Fagus sylvatica). The model contains sub-models to

simulate tree reproduction, growth, mortality as a function of tree size and growth-rate, size-

asymmetric density dependant mortality, and occurrence of feedbacks in juvenile mortality.

Parameters used in the model were taken from the empirical data presented in this study or

from relevant scientific literature (S1 Table).

We initiated the model so that size structure, stem density, and BA were similar to values

observed in DennyWood in 2014 and ran this model for 100 time steps, for 242 different sce-

narios. Each scenario consisted of different values representing the probability of an individ-

ual seedling or sapling/mature tree dying in a single year, thus simulating the effect of

different intensities of grazing pressure in the forest. Sapling/mature tree mortality probabil-

ity increased as the size of the trees increased, following results of our statistical modelling.

However, we varied the base mortality probability of sapling/mature trees by altering the

value for the intercept in the regression equation obtained from the statistical analyses. This

allowed us to simulate size-dependant mortality as well as the potential effects of changes in

mortality probability for trees of all sizes. We varied the annual probability of mortality for

seedlings between 0–1 and for sapling/mature trees the intercept varied between 0–0.05.

In addition, we used a variable to simulate a feedback in seedling mortality, as a result of

increased grazing intensity, in which seedlings died if they occurred in forest gaps. Forest

gaps were classified as areas with<50% canopy cover (see supplementary materials for

details of how this was calculated). The feedback variable was switched on and off for all

combinations of seedling and sapling/mature tree mortality probabilities, allowing us to

assess the potential impact of the feedback on forest structure. At each time step BA, mature

tree stem density, and canopy cover were recorded. Each model run had 100 iterations and

median values were used to summarise model results.

Results

To visualise the trajectories of BA change, subplots were divided into two groups, where BA

decline was>25% (Fig 1a) and where BA decline was<25% or was stable (Fig 1b) over the

census period. In those subplots where BA declined, non-linear trajectories were observed in a

number of subplots (Fig 1a). Particularly rapid phases of decline were observed in the 1980’s in

some subplots, and since 2000 in others, although the timing of rapid BA declines was not con-

sistent across all subplots. Subplots whose BA declined by>25% initially had a basal area of

approximately 49 m2 ha-1 in 1964 but this declined to 23 m2 ha-1 by 2014. The overall pattern

of response, revealed by linear mixed models, was linear (slope = 0.52 ±0.15, p<0.001, R2 =

0.24). Similarly, a linear response of BA was observed in subplots whose BA declined by<25%

or was stable, but with a positive trend overall (slope = 0.14±0.02, p<0.001, R2 = 0.03, Fig 1b).

Mechanisms of stand collapse
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Tree recruitment

Regression analyses indicated that in the DennyWood data, canopy openness was positively

related to beech seedling density (slope = 0.56 ± 0.09, P<0.001, R2 = 0.09, Fig 2a), with no

other models having a ΔAICc�7, indicating this as the best supported model. Similar relation-

ships were observed for the gradient sites, with a positive relationship recorded between can-

opy openness and beech seedling density (slope = -0.41± 0.06, P<0.001, R2 = 0.16, Fig 2c).

There was no clear relationship between sapling density and canopy openness at DennyWood

or at the gradient sites (Fig 2b & 2d), with null models almost as well supported as models that

suggested a relationship with canopy openness. Model averaged coefficients of this relation-

ship had P values> 0.05. As the number of beech saplings declined in DennyWood during

the years 1964–2014, so did the mortality rates of these saplings, from a maximum of 4.07%

per year in 1964–1984 to 0.50% in 1996–2014 (Table 1). Conversely the proportion of saplings

that became mature trees (>10 cm DBH) showed an increase over this time period (Table 1).

However, it is important to note that only seven saplings were recruited over the 50 years prior

to 2014 (Table 1).

Sapling and mature tree mortality

The slope of the relationship between log subplot stem density and log subplot BA was positive

(slope = 0.41 ± 0.05, marginal R2 = 0.24, Fig 3). However, in general subplots lost both stem

density and BA between 1964 and 2014 (Fig 3). Given that self-thinning processes are strongest

when plots are simultaneously increasing in biomass and losing stem density [46], such pro-

cesses are unlikely to be responsible for the majority of tree death observed in DennyWood

from 1964–2014.

Fig 1. Changes in subplot basal area.Changes in basal area for plots that (a) declined in basal area by >25% or (b) showed declines of <25% or
increased in basal area. Solid black lines represent predictions from linear mixed models, with grey area representing 95% confidence intervals for
these predictions. Points represent individual subplots and grey lines represent the trajectory of these subplots.

https://doi.org/10.1371/journal.pone.0189578.g001
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When predicting the mortality of individual beech trees, growth rate was identified as the

most important predictor, as it was included in all models with a ΔAICc�7. Trees that grew

slowly or not at all were more likely to die than those that grew relatively quickly (slope =

-0.93 ± 0.15, P<0.001, Fig 4a). The next most important variable was DBH, with an impor-

tance value of 0.8. Models suggested that tree size was positively correlated with probability of

Fig 2. Relationships between juvenile tree density and canopy openness.Relationships between density of beech (a, c) seedlings and (b, d)
saplings and canopy openness in woodlands in the New Forest showing signs of dieback. Graphs a and b use data from DennyWood while graphs c
and d use data collected from the gradient sites (12 sites). Solid lines represent predictions from coefficients with P� 0.05 and grey bands represent
95% confidence intervals of these predictions.

https://doi.org/10.1371/journal.pone.0189578.g002

Table 1. Summary of recruitment andmortality of beech saplings in DennyWood from 1964 to 2014.

Census
period

No. of
saplings

No. of saplings
recruited from
seedlings

No. of saplings that
died during census

No. of saplings that
increased beyond DBH 10
cm

Annual rate of
increase to >10 cm
DBH

Annual mortality
rate of saplings

1964–1984 179 3 101 25 0.75% 4.07%

1984–1988 56 1 6 11 5.32% 2.79%

1988–1996 40 2 6 13 4.79% 2.01%

1996–2014 23 1 2 14 5.08% 0.50%

https://doi.org/10.1371/journal.pone.0189578.t001
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Fig 3. Relationship between subplot stem density and total subplot basal area. Points represent individual plots in
1964 (red circles), 1996 (green triangles) and 2014 (blue squares). The solid line represents the prediction from amixed
model of this relationship with the grey band representing the coefficient 95% confidence intervals. Note that both the x
and y axes are log transformed.

https://doi.org/10.1371/journal.pone.0189578.g003

Fig 4. Predictors of annual beechmortality.Relationship between annual probability of beech tree death and (a) growth rate per year, (b) diameter
at breast height (DBH). Lines represent predictions generated frommodel-averaged parameter estimates and grey bands represent 95% confidence
intervals of predictions. Both growth rate per year and DBH were significant (P < 0.05) predictors of tree death. To produce predictions, all variables
were held at their mean value apart from the variable of interest. For discussion of non-significant relationships, see results section.

https://doi.org/10.1371/journal.pone.0189578.g004
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mortality (slope = 0.23 ± 0.1, P = 0.045, Fig 4b). There was no significant relationship between

distance to dead trees (slope = -0.11 ± 0.18, P = 0.46) or the clay content of soils and tree mor-

tality (slope = -0.01 ± 0.07, P = 0.87). There was also no significant relationship between sub-

plot stem density and tree mortality (slope = 0.05± 0.15, P = 0.73). When subjected to le

Cessie-van Houwelingen-Copas-Hosmer goodness of fit tests, no model produced a P

value� 0.05, indicating that they all provide a reasonable fit to the data [38].

Individual based model

Our individual based model indicated that critical values of seedling and sapling/mature tree

mortality exist for the maintenance of forest structure. When annual sapling and mature tree

mortality probability exceeded 0.01, BA declined, even when no seedlings died (Fig 5). When

annual seedling tree mortality probability exceeded 0.4, recruitment of mature trees was close

to zero and so BA declined (Fig 5, S3 Fig). Presence of a feedback in seedling mortality resulted

in a more negative slope in BA when compared to the same scenario without feedbacks, espe-

cially when seedling and sapling/mature tree mortality were low (Fig 5). However, the effects

of the feedback on BA were relatively slight overall. Regardless of whether or not the feedback

was included in the simulations, none of the modelled scenarios suggested a convex curve

indicative of a threshold response. The feedback in seedling mortality had a more pronounced

negative effect on canopy cover (S2 Fig). Scenarios without feedbacks commonly had a canopy

cover 10–20% higher than those with feedbacks. However, this was only true where seedling

mortality was�0.4 –when seedling mortality was higher the trajectory of canopy cover was

identical for scenarios with or without feedbacks in seedling mortality. Trends in stem density

were similar to those seen in canopy cover (S3 Fig).

Discussion

Our analysis indicates that basal area showed rapid, non-linear declines in a number of areas

in a temperate forest, confirming that parts of it have undergone a dieback event that meet the

criteria for an ecological threshold [2,12,47]. However, not all areas underwent these declines,

suggesting that non-linear change has not occurred at the scale of the entire forest. This lack of

transition was probably the result of heterogeneous timing and extent of mature tree mortality.

Basal area decline was driven by low recruitment of beech combined with the death of large,

old trees. Recruitment throughout the site was low and appears to be lower in forest gaps than

in areas with high canopy cover, attributable to the high herbivore pressure. Slow growing,

large trees showed increased risk of mortality, indicating ongoing disturbances [46]. However,

the individual based model that we used to simulate forest dynamics at the site did not support

our hypothesis that a positive feedback between canopy openness and herbivore pressure was

greatly accelerating dieback.

Larger trees were more likely to die than smaller trees in Denny wood. This pattern is indic-

ative of ongoing exogenous disturbances [46] and supports our hypothesis that mature tree

mortality in the forest is related to drought and fungal pathogen attack by Phytophthora spp.

[31]. However, the precise causes of tree death are difficult to determine. We could not find

any evidence for the influence of soil structure or spatial contagion on patterns of mortality,

which would have added more weight to these hypotheses, since Phytophthora spp. are thought

to thrive in wet conditions that would be likely to occur in soils with higher clay content [48].

In addition we found no evidence that stem density influenced tree mortality as has been

observed in some previous studies of drought affected forests [49–51]. These results highlight

the difficulty of understanding the mortality processes of trees. For example, drought can

increase tree mortality through the synergistic effects of insect damage [52], frost damage [53],
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fungal attack [48], or windthrow [54]. Spatial and temporal variation in such processes may

explain the heterogeneity in mortality patterns that we observed in this study. Additional

information on the mortality mode of the trees in our study might have helped to determine

drivers of tree mortality [55].

We hypothesized that increased mortality of mature trees resulted in more areas with low

canopy cover and that in these areas recruitment was limited because of a preference of

ungulates to feed in forest gaps [56]. Over time we hypothesised that this could result in a

more open forest and a transition to a non-forest state. However, we found limited evidence

to support this hypothesis. There was a weak positive relationship between canopy openness

Fig 5. The effect of feedbacks inmature tree death and seedlingmortality on predicted basal area over 100 years. Lines represent median
basal area at each modelled time step, with red lines representing a model with no feedbacks and the blue lines representing a model with a spatial
feedback in probability of death. Each graph represents a different combination of annual probability of juvenile mortality (columns) and mature
mortality (rows), which are indicated numerically. Differences in seedling mortality are indicative of different intensities of herbivore pressure. For a
more detailed version of this figure see S1 Fig.

https://doi.org/10.1371/journal.pone.0189578.g005
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and seedling density both in Denny Wood and in the gradient plots analysed, whereas the

relationship between sapling abundance and canopy openness was less clear. This suggests

that although initial seedling recruitment was positively related to canopy openness, seedling

mortality was also higher in open areas of the forest, probably as a result of increased herbi-

vore pressure. The strength of the relationship between seedling density and canopy open-

ness may have been reduced for two reasons. Firstly, beech is a relatively shade tolerant

species, and so any response to gaps may be reduced [57]. Secondly, herbivore abundance

throughout the New Forest is high and so recruitment is likely to have been limited through-

out Denny Wood [58], meaning that any increases in seedling numbers in gaps may have

been short-lived.

When a feedback between seedling mortality as a result of increased grazing and canopy

openness was included in the simulations for our individual based model, basal area declined

more rapidly than comparable scenarios without this feedback. However, the difference was

slight, and in no case was the feedback associated with an abrupt decline in basal area that

would characterise a threshold response. This is because of the major influence of large,

mature trees on basal area dynamics. Since the mortality of mature trees was unaffected by our

proposed feedback, simulations did not result in rapid declines in forest structure. In addition,

because herbivore pressure is high throughout the New Forest [33] we conclude that the rela-

tive impact of canopy openness on herbivore pressure, and consequently on regeneration at

the forest scale, is likely to be slight. However, it is also clear that recruitment in DennyWood

is lower than in other sites in the New Forest [33]. Unfortunately, there are no quantitative

data on the abundance of herbivores that would allow estimation of how recruitment relates to

differences in herbivore pressure across the New Forest or at DennyWood over time. How-

ever, given that our study shows that recruitment has been very low in DennyWood since the

1960’s and previous work suggests that herbivore pressure has been high throughout this

period [30,58], it appears that herbivory is the most likely cause of the recruitment failure we

observed, as it is in many other temperate forests [59–61].

In summary, our results show evidence of a threshold response in basal area at the subplot

scale, and the conversion of forest stands to grassland, which could be interpreted as an exam-

ple of a tipping point leading to a regime shift [1,7]. This is likely to be driven by recruitment

limitation as a result of herbivory and mature tree mortality resulting from drought and, possi-

bly, a fungal pathogen. However, given that the shifts we observed did not occur at a stand

scale it is unclear whether they should be interpreted as regime shifts. Although observation of

large-scale, rapid regime shifts in forests is rare when they do occur it is often as a result of

drivers that operate over large areas, that are severe enough to cause rapid tree death, and that

result in positive feedbacks. These regime shifts often appear to depend on fire [10,11,62] or

insect herbivores [63] as a primary driver of tree mortality.

Although it is unclear whether DennyWood has undergone a regime shift, the results of

our individual based model did suggest that there are critical values for mortality of saplings

and mature trees that can lead to more rapid basal area decline, and avoidance of these should

be considered a goal for future management. In addition, although we found little evidence of

a rapid shift to a non-forest state, our study does suggest that reduced recruitment and death

of large trees may result in a loss of tree cover over the next century. Reversing this decline

should be seen as a priority for forest managers.

The vulnerability of large, old trees in our study as a result of drought and impaired

recruitment has the potential to negatively impact biodiversity and ecosystem services. These

trees provide key habitats for wildlife, as well as a range of ecosystem functions and services

that are difficult to replace [64–66]. Recent papers (52–55) have identified that globally,

large, old trees are threatened in many landscapes. High rates of herbivory have been
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highlighted as a particular problem in forested areas that are grazed by livestock, resulting in

extremely low rates of recruitment [67–69]. Similar degradation of drought-prone forests

has also been seen in the Western USA, where overgrazing by livestock and elk has limited

regeneration [70]. Our findings add the New Forest to the list of locations where large, old

trees are under threat.

In order to manage and conserve populations of large, old trees effectively policies and

management practices should operate over much longer time scales than they do at present

[65,71]. In the New Forest, the negative impacts of herbivores could be reduced by the fencing

of forested areas [72]. Combining this with rotational grazing, where some forest areas would

be allowed to regenerate before allowing grazing to resume, would allow traditional livestock

grazing to be maintained in the forest whilst reducing problems associated with overgrazing

[68]. Culling of deer and reduction or removal of livestock are also potential solutions to over-

grazing, but the latter would be likely to be controversial in the New Forest, which has centu-

ries old grazing rights [58]. Promoting regeneration may also help the forest to retain genetic

diversity, thereby allowing greater resistance to more frequent and severe droughts that are

forecast for the area. Under current management strategies native woodland cover will con-

tinue to decline, however if management is used to encourage regrowth and protect old trees,

the native woodlands and their associated biodiversity in the New Forest can potentially

recover from current drivers of degradation.
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